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Abstract
Voltage regulation in distribution networks has been one of the classic challenges
faced by distribution network service providers. Through their endeavours to ensure
that the steady-state voltage levels remain within permissible limits, some general
and widely accepted practices are in common use. These include the utilisation of
on-load tap changers at the zone substation transformers, off-load tap changers at
the distribution transformers and voltage regulators. These devices are mainly used
to address voltage drop issues which arise due to distribution lines and customer
loads, especially during peak load.
Network voltage drops occur due to resistive and reactive elements of the line
impedances and real and reactive power flows. Hence voltage drop issue has to
be addressed by paying attention to both line impedances and power flows. A traditional practice for controlling voltage drop is the use of capacitors. The more
recently developed method of controlling voltage is known as volt/var control where
both voltage and reactive power are controlled using independent devices. This
method of control is practised by utilities because of its cost-effectiveness.
The emergence of distributed generation schemes such as rooftop solar systems has
incited a shift in paradigm to distribution network philosophy. Distribution network
service providers are struggling to cater for new distributed generation installations
while ensuring that the steady-state supply voltage meets stipulated requirements.
Voltage issues that have not been experienced before have become apparent with
increasing penetration levels of distributed generation. Associated voltage rise and
reverse power flow issues have been noted to challenge existing network structures
and voltage regulation strategies sometimes rendering them ineffective. The time
mismatch between peak load and peak generation can make voltage levels in distribution networks swing towards both high and low allowable limits during a day.
In this environment, existing voltage regulation devices have to operate ceaselessly
to ensure that both voltage drop and rise issues are taken care of, thus stressing
iv
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them in an undue way compared to those of the more traditional networks. In other
words, conventional voltage regulation methods are not sufficient in this changing
landscape.
The motivation of this Thesis is to develop methodologies which will help overcome
both traditional and emerging challenges with regard to regulation of steady-state
voltage level in distribution networks. Though voltage regulation in distribution networks have always been segregated between medium and low voltage networks, this
Thesis analyses voltage issues and control in both networks as a whole, that is as an
unabridged problem. As voltage issues and control in one network can influence the
other, the segregation between these two networks in control strategies may result
in unnecessary or worse, opposing, control actions. This Thesis proposes a holistic
view of a distribution network from the perspective of voltage regulation, enabling
the development of a generic volt/var control method suitable for implementation
on combined medium and low voltage networks.
As distribution networks in Australia can be vastly different from one another,
a particular network considered may experience contrasting voltage issues, which
subsequently requires unique voltage regulation schemes. To verify the veracity
of proposed volt/var control methods, varying realistic distribution networks are
required. Thus, this Thesis proffers a classification of distribution networks in Australia from the perspective of voltage regulation. A realistic representative network
for each class is presented, and the efficiency of subsequently proposed volt/var
control methods are validated using all representative networks.
While the steady-state voltage level is within allowable range, other quality aspects
of the voltage supply, such as voltage unbalance, may be violated. Volt/var devices
in place can inadvertently correct the voltage unbalance level in distribution networks while regulating the voltage level. By developing an efficient volt/var control
method, the voltage level and voltage unbalance in a distribution network can be
controlled simultaneously. This Thesis proposes a pragmatic and effective volt/var

vi
control method that addresses voltage regulation and voltage unbalance simultaneously using existing infrastructures. The objectives of the proposed volt/var control
method, such as minimisation of tap changer operations and maximisation of active
power penetration can be tailored to suit specific networks and utilities.
To encourage the participation of distributed generation systems in volt/var control, reactive power support and active power curtailment must be appropriately
addressed. This Thesis introduces a market structure in which distributed generation owners are not financially disadvantaged from active power curtailment while
utilities can alleviate extra expenditure for reactive power support.
All distribution networks used for validation purposes in this Thesis have been modelled in open source software OpenDSS, while the proposed control algorithms are
executed from MATLAB R .
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Chapter 1
Introduction

1.1

Background

Voltage regulation is important for distribution network service providers (DNSPs)
to ensure that the voltage supplied to their customers are of good quality and will
not cause any damage to customer electrical appliances. Standard voltage ranges
are established to specify the minimum and maximum allowable voltage supply
magnitude. In Australia, the steady state voltage limits for low voltage (LV) network
is -6% and +10% of the nominal voltage [1].
The load demand in a distribution network changes throughout the day depending
on many factors including time of the day, season and weather. Consequently, the
voltage magnitude in a distribution network is never constant, but it varies instead,
sometimes from one extreme to the other. The typical voltage issue in distribution
networks is under-voltage, especially during peak load condition.
DNSPs traditionally utilise on load tap changers (OLTCs) with the transformers at
the zone substations (ZSs) to regulate the voltage in their networks. In addition,
voltage regulators with line drop compensation scheme are also utilised, mostly to
address the under-voltage problem in distribution networks [2].
1

2
Since lines and loads in distribution networks consist of reactive elements, they draw
additional current from the source, which cannot be compensated using OLTCs and
voltage regulators alone. This is why volt/var control is utilised, which encompasses
reactive power support from var devices such as capacitor banks and distribution
static synchronous compensators (DSTATCOMs) [3]. These devices can be installed
either at the zone substation or along the medium voltage (MV) feeders. Volt/var
control can help to improve the efficiency of a network as it provides local support
that is closer to customers, reduces the number of tap change operation performed
by OLTCs and reduces losses in the network [4].
Traditional voltage regulation schemes are generally implemented in MV networks
with the expectation that they would be sufficient for LV networks as well [5, 6].
These various traditional voltage regulation schemes have been successful in maintaining the voltage magnitude in the traditional distribution network landscape,
however, as the world progresses to include more state-of-the-art devices, these traditional methods fall short to address resulting voltage issues that arise, particularly
in LV networks [7].
The world has seen a steep rise of solar photovoltaic (PV) system installation in
recent years due to a number of factors such as increased awareness of environment
protection, government incentives and the prospect of being electricity independent
[8]. Currently, China is leading the world by having the largest installed PV capacity
of 165 GW in October 2018 [9]. Meanwhile, the PV installation in Australia has
grown rapidly from 28 MW in January 2007 to 10 GW in October 2018 [10].
The proliferation of distributed generation (DG) system brings about new challenges
in management of voltages in distribution networks. The conventional idea that
electricity is always supplied from the high voltage (HV) network to the medium
voltage (MV) network to customers in the LV network no longer holds true. Excess
generation of DG systems in LV networks can cause reverse power flow, changing
the paradigm of unidirectional power flow in the electricity network [11]. This
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in turn creates new voltage issues that were not prevalent in conventional network
landscape, thus might not be rectified using conventional voltage regulation methods
alone.
Among different types of power quality disturbances that arise as a result of increased
solar PV penetration, the most prevalent issue is over voltage at the point of common
coupling (PCC) [12]. As the solar PV generation peaks during the middle of the day,
the low load demand, especially at residential areas, causes the excess PV generation
to be exported back to the grid, raising the voltage at the PCC.
Normally, a PV inverter would disconnect when the voltage level measured at its
PCC violates the pre-set limits. This would bring the voltage level back within
stipulated limits and the inverter will remain disconnected for a specific time. After
the hysteresis time is over, the PV inverter would detect that the voltage level is now
within acceptable conditions and reconnect, raising the voltage level once again [13].
This would lead to a cycle of disconnection and reconnection of the PV inverter,
which would be reflected on the grid in the form of fluctuating voltage levels.
As PV generation peaks during the middle of the day, the operation of PV alone
does little to reduce the peak demand in the evening. However, if they are allowed
to produce reactive power while not generating any active power, the mismatch
in peak generation with demand can be better aligned, therefore the potentials of
PV systems can be extended beyond their usual operating hours. PV inverters are
versatile as they can provide power at different power factor, or in other words,
they can absorb or inject reactive power as well as real power [14]. This capability
can be exploited to assist other devices in the MV network in volt/var control
strategies.
In addition to steady state voltage level, DNSPs also have to make sure that the
quality of supply voltage obeys the requirements set by the standards, for example,
AS 61000.2.2 specifies the maximum compatibility level for voltage unbalance factor
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to be 2% or 3% in areas with large single-phase loads [15]. The inherent voltage
unbalance in LV networks due to untransposed lines and single-phase loads may
be exacerbated by unbalanced connection of DGs, therefore, proper precaution and
control must be taken to ensure that the voltage unbalance factor is still within
acceptable range [16].
Although PV systems and other DG systems connected in distribution networks have
changed the landscape for voltage management, they can be exploited to regulate
the voltage level in conjunction with traditional devices that are already in place.
With proper and integrated control strategies, these devices can collectively regulate
the entire distribution network voltage and reduce voltage unbalance level.

1.2

The Problem Statement

Distribution networks consists of MV and LV networks. However, focus has only
been given to MV networks in which voltage monitoring and regulation are carried
out [17]. Most DNSPs in Australia have low visibility of their LV networks as they
are always not explicitly modelled like HV or MV networks due to a number of
reasons including their vastly different structures, unique topologies and inadequate
data capture. Hence, voltage issues in LV networks used to be obscure and hard to
comprehend.
Peak load demand in the evening tends to lower network voltage while PV generation during the day tends to raise network voltage. The severity of resulting
voltage excursions is directly dependent on the impedance of the distribution network. Hence, customers towards the end of LV feeder will be more susceptible to
voltage issues [18].
With the assumption that voltage level at the end of LV feeder will be low during
peak load, the off-load tap changer for distribution transformers in Australia is
always set to high to ensure that the voltage level at the end of the feeder will
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still be within limits. However, this assumption does not take into account the
unforeseen upsurge of PV penetration in the middle of the day, during low load
condition. Combined together, they become a prerequisite to voltage rise situation
in the LV network.
The conventional approaches to voltage regulation for DNSPs, including volt/var
control, is based on the assumption that power flow is unidirectional from the ZS in
the MV network to customers in the LV network. As distribution networks progress
to include more active devices, especially in LV networks, these approaches may
no longer be effective. Since DNSPs are trying to defer their investments in network augmentation to sustain this evolving trend, they are looking into alternative
solutions that involves creative operations of existing infrastructures in volt/var
control [19].
With the trend of increasing PV installation, voltage issues associated with PV
systems will become out of control if they are not properly addressed. Utilising just
the existing infrastructure for volt/var control might work, however, they will no
longer be effective after some point due to limitations in their capabilities. The use
of DGs in volt/var control would be beneficial not only because DGs are mostly
located closer to customers, but they can also provide fast response in contrast to
older and mechanical volt/var control devices.
One of the major concerns that distinguishes LV network from HV and MV networks
are the fact that the conductors are untransposed and connected loads are either
three-phase, two-phase or single-phase. Although DNSPs endeavour to equally distribute customer loads across all three phases, some level of voltage unbalance is
inevitable. The accumulation of single-phase PV and energy storage may exacerbate this inherent voltage unbalance level, bringing it to the maximum allowable
limit [20].
Network solutions should be cost-effective to attract DNSPs or else they will be
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inclined to retract the incentives for future installations of PV systems [13]. In
addition, as DG ownership mostly lies with customers, DNSPs do not have full
authority over DGs in distribution networks. Customers who owned PV and energy
storage systems should also gain some benefits for their contributions in voltage
regulation. As yet, reactive power is not priced, giving PV system owners little
motivation to participate in volt/var control ventures.

1.3

Objectives and Contributions

The purpose of this Thesis is to propose a holistic volt/var control method as a
means for voltage regulation strategy in a currently progressing distribution network.
Through a suitable voltage regulation strategy, DNSPs will be able to accommodate
the growing penetration of active devices in their networks while maintaining a good
quality of electricity supply.
The first objective of this Thesis is to provide an extensive literature review that
encompasses traditional and current voltage regulation methods, including volt/var
control method, in distribution networks. The effectiveness of different methods and
challenges with respect to evolving networks are assessed. This literature review also
includes newest Australian standards on quality of voltage supply which DNSPs have
to adhere to. This literature review highlights the lack of practical volt/var control
methods that simultaneously cater both MV and LV networks.
The second objective is to present a holistic volt/var control method in passive distribution networks. The proposed method utilised existing passive volt/var devices
in a network where PV systems are becoming increasingly abundant. However, the
utilisation of PV systems in volt/var control method is kept to minimal to demonstrate just how effectively a volt/var control method can regulate the network voltage
using old technology. The proposed method could be beneficial for DNSPs that wish
to defer their investment in network augmentation as this proposed method does
not include new investments. This method is also ideal for DNSPs that do not have
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access to customer-owned PV systems.
The third objective is to bridge the gap between MV and LV networks, hence treating
the distribution network as a whole. Distribution transformers that are treated as
the point of segregation between MV and LV networks will be represented as another
branch element. With this, the power flow from the ZS in MV network through
to the furthest customer at the end of LV network can be studied. This will be
the backbone to understanding of voltage issues and requirements across a holistic
distribution network. The representation of a whole distribution network allows a
clear demonstration of the impacts of voltage issues and the consequences of voltage
control actions that one network has on the other network.
The fourth main objective is to present a general classification of distribution networks in Australia from the perspective of voltage regulation. As distribution networks in Australia are vastly different, they have different peculiarities and voltage
concerns. Therefore, a volt/var control method may not be effective on all types of
networks. To verify the veracity of proposed volt/var control methods, appropriate
network models are essential. This Thesis presents three different classes of distribution network in Australia with respective network representatives for validation
purposes. All representative networks consist of both MV and LV networks.
The fifth objective of this Thesis is to propose a holistic volt/var control method in
active distribution networks (ADNs). Using this proposed method, active utilisation of PV systems in LV networks is explored, opening up more possibilities for the
volt/var control method. Lagging and leading operations of PV inverters are considered, enabling more efficient voltage regulation during peak PV generation and
peak load conditions. The implementation of the proposed volt/var control method
in distribution networks with a great number of DGs would be beneficial to both
DNSPs and customers.
The sixth objective is to incorporate a voltage unbalance reduction strategy in the
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proposed volt/var control method for ADNs. As PV systems connected in LV networks are mostly single-phase, they can be used to improve voltage unbalance level
in the network. With a well-designed control strategy, DGs in LV networks may
even be able to correct the inherent voltage unbalance instead of worsening it.
Finally, a market structure for implementation of volt/var control in ADNs is proposed. This market structure takes into account the pricing of reactive power and
active power curtailment so that it would benefit customers who are actively participating in volt/var control using their PV systems. This would also benefit DNSPs
as regulation of voltage supply is accomplished without additional expenditure. As
a result, participation of DNSPs and customers in volt/var control will be encouraged as this market structure protects the interests of all stakeholders to ensure a
win-win situation.

1.4

Thesis Layout

The remainder of this Thesis is structured as follows.
Chapter 2 - A literature review that focuses on the significance of voltage regulation
in distribution networks. Different methods for voltage regulation that have been
previously utilised are discussed with the emphasis on volt/var control method.
The take on past, current and future volt/var control method is discussed and the
importance of managing the voltage on both MV and LV networks is assessed. Other
voltage quality issues in the network are also discussed with the highlight on voltage
unbalance. Finally, this chapter contains a discussion on current market structure
for volt/var control in distribution network.
Chapter 3 - This chapter proposes a volt/var control method in a DG-rich distribution network where the voltage regulation method heavily relies on existing
infrastructure such as OLTCs at ZSs and capacitor banks in MV feeders. While
only utilising passive devices in an ADN, the volt/var control method is heavily re-
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liant on the MV network. This passive method is compared with a volt/var control
strategy where collective operation of PV systems with limited capability in the LV
network is considered.
Chapter 4 - This chapter presents the analytical formulation of an integrated MV-LV
network for the implementation of voltage regulation. This formulation considers
the distribution network as a whole, linking the MV and LV networks together to
effectively study the relationship between the two networks. The effects of voltage
issues and consequent voltage control actions across the whole distribution network
can be observed, allowing a better understanding of the network to develop an
efficient voltage regulation strategy.
Chapter 5 - The current network classification generally adopted by DNSPs in Australia is presented. A network classification specifically for voltage regulation purposes is proposed with definitions and examples of voltage issues that might exist
in each network class. Finally, a representative network for each class is presented
and the implementation of different volt/var control methods on these networks is
demonstrated.
Chapter 6 - This chapter extends the proposed integrated volt/var control method
to explore active participation of PV systems in voltage regulation. PV systems
are considered as ever-present volt/var devices and are utilised for voltage support
even when they are not generating active power. In this chapter, the power factor
operation of PV inverters is not restricted by any standards other than their own
capacity. A comparison of the proposed volt/var control method with a more passive
PV system involvement in volt/var control methods is presented.
Chapter 7 - The development of the proposed volt/var control method to address one
important voltage quality issue namely voltage unbalance. Unbalanced installation
of DG systems in LV networks, in addition to its inherent voltage unbalance may
worsen the voltage quality, nevertheless, this can be managed by logically exploiting
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aforementioned DG systems. The proposed volt/var control method simultaneously
regulates the voltage level across the whole distribution network while keeping the
voltage unbalance level below the statutory limit.
Chapter 8 - The lack of reactive power pricing in current market structure is addressed. This chapter proposes a ‘lost opportunity’ market structure that considers
non-unity power factor operation of PV inverters in volt/var control strategies. The
proposed market structure encourages participation of PV owners in volt/var control by providing a win-win solution for DNSPs and PV owners regardless of their
location in a distribution network.
Chapter 9 - The final chapter presents the conclusion and recommendations for
future work.

Chapter 2
Literature Review

2.1

Introduction

The aspiration to preserve the environment for future generations has made ’green’
distributed energy a favourable option. Government incentives have also been introduced to encourage the public to install DGs at their residential premises. This has
led to an explosion of DG sources in distribution networks, which in turn changes
the landscape for voltage regulation.
This chapter presents the general overview for voltage regulation in distribution
networks. Traditional voltage issues and voltage regulation strategies employed by
DNSPs and proposed in literature are discussed, followed by a discussion on a specific voltage regulation method, namely volt/var control method. The challenges
created by increasing penetration of PV systems in distribution networks and existing strategies to address them are then explored. Other power quality issues that
must be managed by DNSPs with the highlight on voltage unbalance is examined,
and finally, the discussion on current energy market in ADNs is presented.
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2.2

Voltage Regulation in Distribution Networks

Distribution networks across Australia are greatly diversified in terms of topology,
size, cabling, rating and loading. Although one type of networks can be vastly
different from others, all DNSPs are required to keep the voltage profile of a feeder
close to the nominal value under all load conditions. The nominal line to neutral
voltage for LV networks according to the Australian voltage standard AS 60038 [1]
is specified to be 230 V and its variations should not exceed -6% to 10% of this value
at the various PCC where customers are connected. To accomplish this, the voltage
at the MV network should be kept within ± 10% of the nominal voltage.
Load demands vary in accordance with time of the day, day of the week and seasons.
Consequently, with the changing load demand, the voltage profile across a distribution network is highly variable. If the voltage level is allowed to vary outside of the
established margins without proper voltage regulations, it may potentially damage
customer equipment [2].
Traditionally, DNSPs regulate the voltage level in a distribution network by using
an OLTC in the ZS [21]. The OLTC operates by changing the tap position of the
transformer windings, hence altering the turns ratio between primary and secondary
side. The control method utilised by the OLTC is relatively simple, thus it is
generally used in distribution networks. For example, when the voltage level at the
end of a network is low, the OLTC will operate to increase the voltage level across
the entire network. This is illustrated in Figure 2.1.
Before OLTC operation

After OLTC operation
Vmax

Voltage

Voltage

Vmax

Vmin

ZS

Distance

Customer

Vmin
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Figure 2.1: Voltage profile before and after an OLTC operation

Customer
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The employment of OLTCs come with several drawbacks, including, frequent tap
changing of the OLTC can cause wear of moving contacts along with arcing issues
leading to increased contact resistance. Consequently, the lifespan of the OLTC
decreases while the maintenance cost increases if frequent tap change operations
are required [22]. Additionally, since the operation of the OLTC affect the entire
network, increasing the voltage level at the ZS to satisfy the voltage requirement
at the furthest end of the feeder could risk an overvoltage situation near the ZS,
especially for longer and overloaded networks. Therefore, local voltage support
nearer to the consumers is necessary in order to improve voltage regulation without
violating voltage limits at either end.
Conventionally, in addition to OLTCs, other voltage control devices commonly
utilised by DNSPs include voltage regulators. Voltage regulators can be singlephase or three-phase and are usually operated before an OLTC. Voltage regulators
are utilised in order to maintain voltage levels of separate feeders in the network.
Voltage regulators can be found at either the ZS or on the distribution lines. They
have coil windings and a tap changer, and operate in the same mechanism as an autotransformer [23]. They are usually coupled with line drop compensation schemes
to keep the voltage level at a selected regulating point constant. In contrast to an
OLTC, a voltage regulator on the distribution line is much closer to the customer,
thus reducing the risk of an overvoltage at the ZS, as shown in Figure 2.2.
Before voltage regulator operation

After voltage regulator operation
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Figure 2.2: Voltage profile before and after a voltage regulator operation
As shown in Figure 2.3, the current drawn by customers as well as distribution
conductors consist of active and reactive elements, with both contributing to voltage
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Figure 2.3: Voltage drop in a distribution line
drop in the network. The OLTCs and voltage regulators by themselves cannot
solve voltage drop problems which are caused by reactive elements in the network.
Therefore, volt/var control method is proposed to compensate for voltage drops due
to reactive power [24–26].

2.3

Volt/Var Control in Distribution Networks

In almost all networks, the type of reactive power drawn by loads is lagging. Therefore, while it is possible to regulate the voltage using real power, the more appropriate way of regulating the voltage is by injecting reactive power (known as
volt-ampere reactive, var). The method of controlling the voltage of a network by
modifying the voltage at the ZS and by injection or absorption of reactive power
at suitable locations of the network is commonly known as volt/var control. In
addition to the OLTC, volt/var control utilises reactive power source devices such
as switchable capacitor banks to provide reactive power support when needed. By
compensating the reactive power drawn by inductive elements in the network, this
method effectively increases the line capacity, reduces losses, and provides voltage
support to the network.
As shown in Figure 2.3, the reactance in the distribution line, XL , and the inductive
(lagging) load, QL contribute to the total current drawn by the network, I. A
capacitor (or other volt/var devices) denoted by Qcontrol is installed near the load as
demonstrated in Figure 2.4 to provide leading reactive power to compensate for the
lagging reactive power. The resulting line current, I 0 , is decreased and subsequent
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Figure 2.4: Voltage drop in a distribution line with a var device
voltage drop, I 0 Z, is also decreased. Qcontrol is closely located to the load to reduce
line losses.
Var devices such as capacitors can be fixed or switched and are located at ZSs or
installed along distribution feeders. Fixed capacitor banks provide a specific amount
of vars to the network when operated while switched capacitor banks can provide
different steps or vars. The operating mechanism of var devices are relatively simple:
when the network needs a voltage support, they can be switched in to the network,
whereas when the voltage level is quite high, they can be switched off.
Although capacitor banks are mostly used for volt/var control, modern power electronic devices, for example DSTATCOMs, have gained an increasing popularity to
be utilised in volt/var control as they are able to operate quicker compared to mechanical operation of capacitor banks [27, 28]. DSTATCOMs can provide variable
reactive power output to achieve the desirable smooth and continuous voltage support. In addition, DSTATCOMs can flexibly inject or absorb reactive power, shifting
between a capacitive or inductive device as required.
Among the earliest approaches to implement volt/var control is by producing a
dispatch schedule for volt/var devices for a specific period, either a one-day or onehour ahead. The optimum dispatch schedule is determined based on the daily (or
hourly) load forecasts using various methods to achieve specific objectives such as
improving voltage profile and minimising power losses. This approach is feasible
and sufficient in performing volt/var control in distribution networks, however it
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would require an accurate daily load forecast in order to observe optimal network
performance. In addition, the volt/var control method may not be able to respond
properly to any variation outside the forecasted load profile.
The authors of [21, 29] use dynamic programming while the authors of [30, 31] use
genetic algorithm to produce an optimal dispatch schedule for OLTC and capacitor
banks based on the load forecast to improve voltage profile, minimise losses and tap
changing operation. Meanwhile, the authors of [32] have included distributed generators in the daily dispatch schedule, which requires an accurate daily DG generation
profile. While all proposed methods have been tested in respective literature, the
efficiency of these methods is heavily reliant on accurate weather and DG generation
forecasts.
One example of volt/var control in real-time is localised volt/var control method.
Using this method, the voltage and var control are operated independently of each
other. The voltage control device such as an OLTC is responsible in regulating the
voltage level while the var device such as a capacitor bank regulates the reactive
power level at their respective measurement points [33,34]. This is a straightforward
approach that can be easily adopted by DNSPs as it uses little to no communication, making the associated operational costs reasonable. However, as there is no
coordination between the voltage and var control schemes, redundant or excessive
operations might be executed by the associated control devices.
Localised volt/var control has been proposed by the authors of [33] and [34]. These
literature have proven that localised volt/var control is effective in improving the
voltage profile in the feeder and reducing the number of OLTC operations. However,
a significant reduction in the number of OLTC operations will only be obtained if
all control devices are properly coordinated [34]. The lifetime of control devices is
dependent on the number of operations performed, therefore unnecessary operations
should be avoided in order to increase the lifetime of the control devices.
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When a distribution network requires a voltage boost, a reactive power injection
from a capacitor bank can be used to replace a tap change by the OLTC. Nevertheless, without proper coordination, both OLTC and capacitor bank might operate at
the same time, negating one of the benefits of capacitor banks in volt/var control.
Control methods which result in frequent device operations are likely to be rejected
by the utilities as they are economically unattractive [35].
Due to the disadvantage of localised volt/var control method, an integrated volt/var
control (IVVC) method has been introduced [36]. Unlike localised control schemes,
IVVC requires communications between control devices in the network which is
made available using supervisory control and data acquisition (SCADA) system.
Using IVVC, the voltage and reactive power levels across the entire measurement
points are known as well as the status of all control devices in the network. With
this, optimum control action can be executed whilst avoiding unwanted or clashing
device operations [7].
IVVC is a practical method to regulate voltage profile in a distribution network with
minimum amount of tap change operation as it efficiently utilises reactive power for
voltage support. While IVVC requires real-time communication between control
devices in the distribution network, it can increase the efficiency and lifetime of
network assets. Therefore, in the long run, investments in communication infrastructure can be ideally covered by the reduction in maintenance costs and operating
costs of IVVC devices.
Reference [7] proposes an IVVC method that utilises an OLTC and a single capacitor
bank to improve voltage profile in the tested network. The proposed IVVC method
trumped over a conventional localised volt/var control method as it reduces the
number of tap change operation while keeping a smaller voltage excursion. The
authors of [37] proposes a volt/var control method in which the capacitor bank
can either operate locally or communicate with other agents to determine the best
switching setting. The proposed method is able to regulate the voltage profile under
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normal and abnormal operating conditions. While both references propose effective
control methods, they do not take into account the high penetration of active devices
in distribution networks.
As distribution networks evolves to include more active devices (evolution towards
ADNs), the direction of power flow in the network changes and conflicts with the
traditional power flow. Traditional devices such as voltage regulators may not work
in ADNs due to reverse power flow [38]. The use of capacitor banks is also limited
to injecting a fixed amount of reactive power into feeders only without a continuous
reactive power supply in contrast to the use modern devices. Despite all the efforts
in the literature and industries, volt/var control is becoming inadequate to mitigate
the voltage issues in ADNs. Therefore, a voltage control philosophy which takes
into account the state-of-the-art network, the ADN, is required to address all the
shortcomings of traditional voltage regulation and volt/var control.

2.4

Future Voltage Control in Active Distribution Networks

In recent years, awareness of the environmental impact of fossil-fuelled generation
has led to an increased penetration of DG in the MV and LV networks. DG devices
are appealing as they are sustainable, they promise a satisfactory return of investments and they are also closer to consumers, thus reducing the losses along the
feeder [39]. This progress is in fact, desirable as it helps to reduce the world’s carbon footprint, however, the widespread use of these devices introduce new challenges
in distribution networks.
The traditional power flow in distribution networks is unidirectional from the upstream source to the consumer. DG introduces multi-sources and bi-directional
power flow in distribution networks. This increased penetration of DG causes voltage rise in distribution feeders, specifically in LV networks [11, 40]. Voltage rise
occurs when the power generation from DG is greater than the load demand, for
example, during a sunny midday when power generated by PV inverters exceeds the
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load consumption at empty residential areas. This in turn causes the power to flow in
a reverse direction since the generation at the consumer location is higher [41].
The proliferation of DG penetration in distribution networks is packaged with voltage issues that threaten the quality of electricity supplied by DNSPs. This has led
to many DNSPs to limit the amount of DG that can be installed in their networks
without an impact assessment study [41]. Unless otherwise specified, DNSPs usually gives automatic approval to DG installation for systems that are rated at 5
kVA and below as limited by AS 4777.1 [42]. However, in the case where the quality
network voltage will be severely deteriorated, the DNSP might not allow further DG
installations until necessary preventive actions has been taken [43].
Previously, DGs used to be connected passively to the grid either in constant power
factor or constant reactive power control mode [41,44]. Although DG can help with
voltage regulation, they were not allowed to actively participate in voltage control
due to potential coordination problem between automatic voltage control of DG
with the existing voltage control philosophy in the network (OLTC and capacitor
banks) [11,41]. However, recent changes have been made to Australian standard, AS
4777.2, so that DG systems that are connected via inverters can actively participate
in volt/var control [45].
As substantial amount of DG penetration causes voltage rise, this might subsequently cause an overvoltage situation [46]. To prevent this, DG inverters are designed to disconnect or curtail their generation whenever the voltage level at their
PCCs violate a pre-set limit [47]. This is not desirable since DG owners earn revenue from their active power generation. As power electronic devices, DG inverters
can absorb or inject reactive power from/into the grid, to counteract the problems
that they cause and to support the current voltage regulation method already in
place.
Several methods have been proposed to mitigate voltage rise in distribution net-
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works. These methods include grid reinforcement, transformer tap change operations and demand side management strategies such as incorporation of energy storage [48]. Among earliest methods that has been proposed by many is active power
curtailment [47–49]. With active power curtailment, once the voltage reaches the
preliminary limit, the active power generated by the DG system would be curtailed
so that the voltage at the PCC stays within statutory limits. This method requires
minimal modification of the control logic of DG inverters, hence making them very
attractive [41].
Equation (2.1) describes the relationship between active and reactive power generation with the capacity of a DG system. In (2.1), Srating refers the capacity of the DG
system, PDG refers to active power generation of the DG system and QDG refers to
the reactive power generation of the DG system. As PDG is curtailed, more capacity
can be used to produce a lagging QDG as required to keep the voltage level within
limit. Therefore, active power curtailment method is usually coupled with reactive
power compensation by the DG system.

QDG =

q
2
2
Srating
− PDG

(2.1)

In [47], a droop-based inverter reactive power injection algorithm is merged with
active power curtailment at peak PV generation to ensure the utilisation of solar
output while lowering the local voltage. The proposed method successfully maintained the voltage level of the tested network within specified limits during peak PV
penetration while reducing the number of tap change operations performed by the
voltage regulator in comparison to a sole reactive power injection control. Reference [50] compares three different approaches for active power curtailment, namely
droop-based, power flow sensitivity based droop and centralised approach to mitigate overvoltage in an LV feeder. The findings demonstrate that PV inverters
provide better overvoltage mitigations with the least power curtailment when the
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centralised approach is used, especially in conjunction with non-unity power factor
operation.
Coordination between DG systems and other volt/var devices in a network is essential as negative coordination might result in excessive connection/disconnection of
DG systems, increased active power curtailment of DG systems, or even increased
number of volt/var device operations in the MV network [34,51]. For example, when
the voltage level in a network rises closer to the maximum allowable limit, connected
PV systems might start curtailing their active power generation whilst the OLTC,
voltage regulator or capacitor bank operate to regulate the voltage. The operation
of all devices should not be necessary and might excessively lower the voltage level,
which will then require further control operations.
Moreover, PV penetration is highly variable due to the stochastic nature of irradiance. A temporary cloud cover might cause a sudden voltage drop at a customer
PCC, causing the OLTC, voltage regulator or capacitor bank to operate [52]. Once
the cloud passes, the voltage level at the PCC will rise again, and if the level is close
to the maximum limit, the OLTC, voltage regulator or capacitor bank might operate
again to regulate the voltage level. Multiple device operations are undesirable not
only because they cause wear and tear of mechanical devices, but they also cause
large voltage swings across the network.
The active participation of DG systems in voltage regulation can be divided into
centralised and decentralised voltage control [44, 53]. Decentralised control method
is based on local voltage compensation in which DG systems participate in voltage
control locally without coordination with other devices. DG systems will absorb
or inject reactive power based on the voltage at PCC to ensure that the voltage
is within limits. Centralised control method, as the name suggests, has a control
centre, in addition to all in-field devices. This control method requires a significant
investment in the communication scheme between the control centre and devices
(OLTC, capacitors and DGs).
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The authors of [54] investigate decentralised voltage control with the utilisation
of OLTC, voltage regulators, capacitor banks, DSTATCOMs and DG. The paper
proposes an adaptive zoning method in the network where the voltage control is
operated. The distribution network is divided into zones and each zone has its own
local control scheme. This method shows that DG can successfully contribute to
voltage regulation in the network, uses less complex computation and lower amount
of data, however there is a possibility for unexpected and unwelcome interactions to
take place between devices since their control actions are not coordinated.
By utilising DG with other volt/var devices, voltage rise and voltage drop problems
in ADNs can be avoided. However, these devices must be controlled in a coordinated
and integrated manner to ensure that an efficient voltage regulation is obtained.
To overcome the coordination problem in decentralised control method, centralised
control method can be implemented. Nevertheless, if the communication between
devices fail, the control method will also be ineffective. Therefore, an efficient control
system which supports both methods is needed.
Among other approaches to implement volt/var in distribution networks is through
volt/var optimisation. Volt/var optimisation refers to the usage of optimisation
techniques such as genetic algorithm, fuzzy logic and particle swarm optimisation to
find an optimal solution for a network based on specified constraints. Constraints
usually include voltage regulation, number of device operation, power factor, loss
minimisation [29, 55, 56] and sometimes cost minimisation [35, 57]. The emphasis
of using these methods is the reliance on optimisation techniques to select an optimal volt/var device operation. Brute force method may be adopted to force a
convergence of the optimisation algorithm [55].

2.5

Voltage Regulation in MV and LV Networks

LV networks are usually not explicitly modelled in comparison to HV and MV
networks. They are also typically not well monitored, hence, the impacts of emerging

23
technology is not well understood [20]. DNSPs usually rely on customer complaints
to recognise voltage issues in their networks, and subsequently resolve those issues as
required. This is not ideal as active prevention of potential voltage issues might not
happen while other unreported issues might escape the attention of DNSPs.
Previous voltage regulation practices by DNSPs indirectly ignore LV networks as
they are mostly carried out in the MV side of distribution networks only. The only
voltage regulating device in LV networks is the distribution transformer with off-load
tap changer, which in Australia, is often set to high to cater the peak load. Given
the installation trend and pricing of DG, the DG energy sector is most likely to grow,
which will consequently increase the number of DG-related voltage issues.
Voltage regulation methods in LV networks used to be non-existent (only the offload tap changer at the distribution transformer) or isolated from the associated MV
networks, with the assumption that the MV networks are not affected by the control
methods [17]. This is mainly due to the facts that LV networks are unique, often
far, consisting of 4-wire untransposed overhead or underground cables and serving
loads of different phase connections. Nevertheless, voltage issues as well as voltage
control actions on one side of the distribution network might have significant effects
on the other. With increased penetration of PV causing voltage issues in both MV
and LV networks, the segregation of voltage regulation methods between MV and
LV networks is outdated in the current world.
References [7, 21, 58] for example, only regulate the voltage in the MV network
while references [48, 59, 60] only regulate the voltage in the LV network. While all
references can successfully achieve their target voltage regulation, due to the separation between MV and LV networks, they might not be sufficient in the constantly
evolving ADNs. Therefore, a voltage regulation method that addresses challenges
in MV and LV networks as a whole while efficiently utilising all available resources
throughout the network is required to bridge the gaps in current voltage regulation
practices.

24
Voltage regulation in MV and LV networks is a complex issue and has not been
addressed well in the published literature. Furthermore, distribution networks in
Australia can be divided into different types, such as rural, semi-rural and urban
networks, where all networks can be drastically different from each other. Therefore, the effectiveness of voltage regulation or volt/var control methods will vary
on different types of networks.This shows that further research on voltage regulation and volt/var control methods that will be applicable on ADNs with different
peculiarities, particularly in Australia, is imperative.

2.6

Voltage Quality in Distribution Networks

Compared to HV and MV networks, the voltage in LV networks is usually unbalanced as the distribution conductors are untransposed and connected loads can be
single-phase, two-phase or three-phase in nature. The loads are unpredictable and
usually not connected at the same time [6]. Combined with unbalanced distribution
of DG systems, which are also stochastic in nature, the level of unbalance in LV
networks might get deteriorated.
In addition to the standard steady state voltage level, there are also other standards
and limitations in the network that DNSPs must adhere to. While delivering steady
state voltage that are still within prescribed magnitude limits, other aspects of power
quality such as voltage unbalance might be violated, which may be detrimental to
customer equipment.
Australian standard AS 61000.2.2 specifies voltage unbalance limit as 2% or 3% depending on connected loads [15]. Although Australian standard for voltage unbalance favours the definition that uses the ratio between negative sequence to positive
sequence voltage, it suggests an approximate calculation using line voltages which
yields a reasonably accurate results of voltage unbalance level. This is shown by
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VA = 240 V

VC = 253 V

VB = 250 V

Figure 2.5: Example of unbalanced voltage magnitudes
(2.2).
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)
− 2 × 100%
2
(VAB + VBC + VCA )

(2.2)

As shown in Figure 2.5, when the three-phase (line to neutral) voltage magnitudes
in an LV network are still within +10% and -6% of 230 V, their voltage unbalance
level calculated using (2.2) is 3.16%, which is more than the allowable limit. This
highlights the importance of a voltage control strategy which not only regulates the
voltage levels to within limit, but also ensures that the voltage levels will not cause
an unacceptable level of voltage unbalance.
Another constraint to evaluate the performance of a control scheme in a network
is included as Australian standard AS 61000.3.3, AS 61000.3.5 and AS 61000.3.11
specify the emission limits for loads with different current ratings to ensure that
their operations do not cause excessive voltage fluctuations [61–63]. Mechanical devices such as OLTCs and capacitor banks react slowly to voltage variations whereas
DG inverters and DSTATCOMs may introduce the adverse effects of rapid voltage
changes as they can react instantaneously to voltage variations. Therefore, appropriate timing hysteresis must be considered when designing volt/var control strategies
that utilises power electronic inverters.
Reference [55] uses solid state transformers (SSTs) with voltage regulators to perform voltage regulation with continuous var compensation. Like DSTATCOMs,
SSTs can absorb or inject reactive power, making them an interesting subject of

26
literature [64, 65]. The authors of [55] uses a two step optimisation method to combine discrete (OLTC) with continuous (SST) volt/var devices in one control scheme.
A brute force method is adopted to ensure convergence at a global optimal point.
However, the volt/var control method is tested on balanced network systems, which
is not the case in real distribution networks.
To verify the veracity of a volt/var control strategy in real distribution networks, unbalanced LV networks should be considered in the tested network models. Although
volt/var control methods generally do not address voltage unbalance in their application, with proper settings, voltage unbalance reduction can be achieved in conjunction with voltage regulation. Reference [66] proposes a new concept for volt/var
control that utilises distributed hybrid power electronic devices at the grid edge for
voltage regulation. In addition to regulating the voltage level, the authors observed
that the control method unintentionally improved the voltage unbalance level in the
tested network.
Reference [67] proposes a three-phase optimal power flow formulation to determine
the optimal volt/var curve settings for PV inverters to regulate the network voltage
level closer to specified set-points, so that the voltage unbalance level can be minimised. The proposed method is tested on a real low voltage distribution network
with favourable results on both voltage regulation and voltage unbalance reduction.
This shows that volt/var control can be properly designed to regulate voltage level
as well as unbalance level, and the application can be extended to include a more
comprehensive MV-LV distribution network, in which [67] does not cover.

2.7

Proposed Volt/Var Strategies in Literature

Taking into consideration all proposed volt/var control and optimisation strategies
in distribution networks discussed in the previous sections, this section highlights
and summarised the contributions and gaps of existing strategies.
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Table 2.1: Summary of volt/var strategies
Criteria
Volt/var control
Contributions • Decentralised volt/var conttrol using PV inverters
for LV networks [12]
• Localised volt/var control in
MV networks [33, 34, 44]
• IVVC for MV networks [37]
• Decentralised volt/var for
MV networks using sensitivity method [53]
• Decentralised volt/var for
MV networks using adaptive zoning method [54]
• Decentralised volt/var using
OLTC and capacitor banks
in LV networks [59]
• Hierarchical volt/var control
in LV networks [60]
• Volt/var control using SSTs
in MV networks [64, 65]
• Grid edge volt/var control
using hybrid power electronic devices [66]
Gaps
• Separation of MV and LV
networks in control
strategies
• Voltage unbalance is often
overlooked in strategies

Volt/var optimisation
• Optimum dispatch schedule
for volt/var devices
[21, 29–32, 35]
• Genetic algorithm to determine reactive power injection and active power curtailment by PV inverters
[47, 48]
• Optimal power flow for
volt/var and active power
curtailment [49, 50]
• Decentralised volt/var
using fuzzy control [53]
• Two step optimisation to
determine device operation
[55]
• Optimum local Q(P ) curves
for PV inverters [56]
• Three-phase optimal power
flow for voltage regulation
and voltage unbalance reduction in LV networks [67]
• Reliance on optimisation
convergence to find solution
• Separation of MV and LV
networks in control
strategies
• Voltage unbalance is often
overlooked in strategies

Based on Table 2.1, volt/var control and optimisation methods have been proposed
for numerous times in literature. Volt/var control and optimisation methods are
traditionally segregated between MV and LV networks where control strategies used
to be mostly implemented in MV networks. With the inrush of DG, volt/var control
and optimisation methods have been extended to LV networks. While volt/var
optimisation has its own merits, this Thesis will be focused on volt/var control
methods applicable on combined MV-LV networks for voltage regulation and voltage
unbalance reduction that is developed from practical theoretical formulations.
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2.8

Market Structures

Changes in technical aspects in ADNs cannot occur without changes in market
structures. To encourage utilities and customers to participate in voltage regulation
strategies in distribution networks, the market structure needs to be given due attention. Currently, reactive power is not explicitly priced and is not considered as a
part of ancillary services in distribution networks in Australia. Tariff penalties are
applied to encourage utilities and customers to operate at unity or specified power
factor [68, 69].
Although revisions have been made to the Australian standard AS 4777.2 so that PV
owners can operate their inverters in volt/var mode, there are no financial incentives
to encourage PV owners to do so. Utilities and customers only benefit from the
production of active power. If reactive power is not priced or priced at a level lower
than its actual value, there is no incentive for utilities and customers to participate in
volt/var control [70]. Therefore, in pursuit of profit, utilities and customers would
use the whole capacity of their generators to produce active power, which could
cause adverse effects on the network.
Due to network losses, reactive power must be produced locally (close to the load),
therefore the production of reactive price is dependent on its location as oppose to
active power. The production cost of reactive power is lower than that of active
power, however, the capital cost is quite high due to the fact that the devices which
produce reactive power are expensive [70].
Reactive power should not be priced using the same rule as active power. As reactive power price is affected by many factors, it becomes a complex, multi-objective
problem [70]. Hence, an accurate cost-based pricing is difficult and international or
national effort to address this issue is lacking [71].
Reactive power pricing should consider the capital cost, production cost and opportunity cost [68,70,72]. Opportunity cost is associated with the loss in revenue due to
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active power curtailment needed to produce more reactive power. If reactive power
and active power curtailment are fairly priced, utilities and customers would be more
encouraged to actively participate in volt/var control schemes in ADNs.

2.9

Chapter Summary

This chapter details the obligations for DNSPs to maintain a certain standard of
quality for voltage supply, specifically the steady state voltage. The requirement
for voltage regulation is not only due to established standards, but also to ensure
the longevity of DNSPs’ network assets and customer equipment. Different voltage regulation methods, particularly volt/var control methods from the past and
present, are discussed with emphasis on their shortcomings in the progressing ADN
structure.
This Thesis will proffer a holistic volt/var control method applicable on a combined
MV-LV distribution network that utilises active and passive devices in both networks
for voltage and voltage unbalance regulation. The ADN control philosophy can only
be implemented in distribution networks if DNSPs and customers can appreciate
the benefits of its implementation and are willing to participate. Therefore, this
Thesis aims to introduce a new market structure to encourage participations by
all stakeholders in implementing volt/var control strategies while protecting their
financial interests.

Chapter 3
Case Studies Highlighting
Implementation of Different
Voltage Regulation Strategies in
Distribution Networks

3.1

Introduction

Due to strict voltage requirements set by Australian standard AS 60038 [1], DNSPs
in distribution networks employ different voltage regulation strategies to maintain
the voltage level in their networks within ± 10% in MV networks and +10% and -6%
in LV networks. Voltage levels in MV networks have been traditionally maintained
between allowable ranges by employing an OLTC at the ZS. Though simple and
useful, this method comes with several drawbacks that make DNSPs attempt to limit
its use. Volt/var control is one of the efficient ways to perform voltage regulation
while reducing the number of tap change operations performed by the OLTC.
Volt/var control has been traditionally carried out in MV networks to maintain the
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voltage level across the entire distribution networks. Due to the proliferation of DG
in LV networks, this control method might no longer be sufficient, hence necessitating an expansion of volt/var control strategies in LV networks. In addition to
volt/var devices in MV networks, rooftop PV systems in LV networks can now be exploited to carry out voltage regulation across the entire distribution networks.
DNSPs generally endeavour to defer investments on new infrastructure and instead
use existing infrastructure in innovative ways to better manage voltage problems in
their networks. Therefore, this chapter explores different volt/var control methods
to carry out voltage regulation in distribution networks using available infrastructure
in MV and LV networks. This chapter first addresses two different types of volt/var
control methods; localised and integrated volt/var control against traditional OLTC
control in the tested MV network. Then this chapter investigates the performance of
the proposed IVVC in MV network only versus a holistic volt/var control (HVVC)
in a combined MV-LV network.

3.2

Comparison of Voltage Regulation Strategies in an MV
Network

OLTC at the ZS operates by mechanically changing the tap position of the primary transformer windings, therefore raising or lowering the voltage output at the
secondary side of the transformer. Though simple, the frequent use of OLTC can
cause wear and tear of the device, which decreases its lifespan while increasing the
maintenance cost and replacement cost.
The utilisation of OLTC can be detrimental to consumers who are located at either
ends of the feeder, especially for networks that experience extreme voltage excursions. For example, when the voltage level is raised, the consumers at the start of
the feeder might experience overvoltage whereas when the voltage level is lowered,
the consumers at the furthest end of the feeder might experience under voltage.
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Some networks still rely on the sole operation of OLTCs for a number of reasons;
the networks do not experience a lot of voltage issues, DNSPs are not fully aware
of emerging voltage issues in the networks, or DNSPs are simply trying to defer
investments on new devices.
Volt/var control utilises voltage regulation and reactive power control to improve the
efficiency of a distribution network. The var control elements function by injecting
reactive power to compensate for the reactive power drawn by inductive elements in
the network. As volt/var devices can be found at the ZS and along the distribution
feeders, voltage buck or boost can be done closer to problematic buses without
jeopardising other buses. Mechanical volt/var control devices are typically OLTCs
at the ZS, voltage regulators and capacitor banks while power electronics devices
include DSTATCOMs.
When volt/var control was initially introduced in distribution networks, the voltage
and var control were segregated between each other; OLTCs to raise or lower the
voltage level and capacitor banks to raise or lower the reactive power level at their
connection points [33]. This method could be easily implemented on a network and
was successful in improving the overall network performance in comparison to relying
on the OLTC alone. This method is known as the localised volt/var control.
The segregation of voltage and var control operation could lead to redundant or opposing control actions. Thus, IVVC is introduced to ensure that any control actions
taken are based on the voltage requirements and status of control devices across
the entire network. The computation of control actions would require communications between in-field devices and control centre to guarantee optimal network
performance. In addition to reducing the number of tap change operations, IVVC
can help to improve the voltage quality, since it reduces voltage variations across
distribution feeders, particularly at the ends of the feeders which always vary greatly
in accordance with load changes.
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In this section, the volt/var control is implemented using a feedback control approach
in which the control system continuously monitors the voltage and reactive power
across the feeder and responds to any limit violations accordingly. The volt/var
devices utilised are an OLTC and a fixed shunt capacitor bank only. The main
purpose of IVVC in this section is to improve the voltage profile of the tested MV
network while at the same time reduce the number of OLTC tap operations.

3.2.1 Control Algorithm Development
The control mechanism for OLTCs is fairly generic; when the voltage level at the
measurement point violates a pre-set limit for a specific duration, the OLTC will
operate. The case study in this Thesis operates the OLTC control in a similar
way.
With the localised volt/var control method, a reactive power control monitors the
reactive power level at the capacitor connection point. Whenever the var measured
violates a specified limit, the capacitor will either switch in to or out of the network
as required. The OLTC and reactive power controls in this control method work
independently.
The proposed IVVC algorithm is based on feedback control loop and comprises
voltage regulation and reactive power control algorithms. This section explains
each control algorithm and how they are combined to form the final IVVC algorithm.

3.2.1.1 Voltage regulation using an OLTC
A float voltage level, Vf is initialised at 1 p.u. at a halfway point of the feeder. This
point is where the voltage is always maintained halfway between the maximum and
minimum voltage across the feeder. Any voltage deviation from Vf is monitored
continuously. If the voltage level deviates outside the specified limit, V limit, which
is greater than 1.5% as indicated by (3.1), a timer would start to create a time delay

Time delay
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Figure 3.1: Voltage regulation timing curve
before the next action is decided. This strict limit is to ensure that the voltage at
either end of the feeder would never fall outside 0.9 p.u. or 1.1 p.u. limits specified
by the Australian Standard [1]. If the voltage level still does not return to a level
within the expected boundary within the set delay, a tap change signal would be
issued.

V limit = Vf ± 0.015

(3.1a)

V limit-min ≤ Vf ≤ V limit-max

(3.1b)

0.985 ≤ Vf ≤ 1.015

(3.1c)

The time delay is inversely proportional to the voltage deviation. In other words,
the higher the deviation, the smaller the time delay before a tap change is initiated.
If the voltage deviation is more than 15%, the voltage regulation scheme would
remain inactive until the voltage level falls within range again. This is illustrated
by Figure 3.1.
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3.2.1.2 Var control using a capacitor
The var control functions by monitoring the reactive power in the feeders. Assuming that a suitable location for a capacitor on the network feeder exists, the reactive
power at the location of this capacitor would be measured continuously. For example, when the reactive power flow in the feeder measured lags and violates the
specified limit, Q limit, the control function sends a capacitor switching signal to
the network. The capacitor would then be switched in to the feeder to correct the
reactive power. The injected reactive power reduces the line current in the feeder,
thus increasing the voltage level in general. By doing this, a capacitor switching
operation may be able to alleviate a tap change.

3.2.1.3 Integrated volt/var control
The IVVC algorithm is illustrated in Figure 3.2. This algorithm combines the voltage regulation method described in Section 3.2.1.1 and the var control method described in Section 3.2.1.2. This is based on trigger signals associated with V limit (at
halfway point of the network) and Q limit (at capacitor location) and a status signal
associated with Q (the absolute value of Q status is smaller than that of Q limit).
V limit corresponds to the limit which activates the OLTC operation while Q limit
corresponds to the limit which activates the capacitor bank operation and they are
independent of each other as in the case of localised volt/var control method.
The mechanisms associated can be explained, for example, considering the first
quadrant of Figure 3.2 where if the voltage level and var level do not violate the
respective limits, then no control actions are required. If the voltage level exceeds
V limit while the var level is acceptable, a tap change operation is requested. In the
fourth quadrant of Figure 3.2, if the voltage exceeds V limit and the var level is less
than –Q status but greater than –Q limit, a capacitor disconnection is requested
instead of a tap change operation. In general, IVVC takes place by replacing a tap
change operation with capacitor switching every time the voltage level violates V
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Figure 3.2: Proposed IVVC algorithm [73]
limit and the var level violates Q status at the same time. The summary of control
strategies is shown in Table 3.1.

3.2.2 Network Model
The proposed IVVC is tested on a modified IEEE 13 node test feeder illustrated on
Figure 3.3. The modifications undertaken include:
1. lines from node 671 to 684, 684 to 611 and 684 to 652 are changed to threephase lines,
2. loads at nodes 652 and 611 are redistributed across three phases,
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Table 3.1: Summary of control strategies
Control strategy
Related equation(s)
Voltage regulation using OLTC Vf ≤ V limit-min OR Vf ≥ V limit-max
Vf ≤ V limit-min OR Vf ≥ V limit-max OR
Localised volt/var control
|Q| ≥ |Q limit|
(Vf ≤ V limit-min OR Vf ≥ V limit-max) AND
IVVC
|Q| ≥ |Q status|

ZS

650

646

645

632

633

634

670

611

684

671

692

675

3-phase line
2-phase line

652

Figure 3.3: Modified IEEE 13 node test feeder [74]
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3. the upstream transformer at the zone substation (ZS) is fitted with an OLTC,
4. the voltage regulator between node 650 and 632 is removed, and
5. the single-phase capacitor at node 611 is removed.
Node 670 is one-third of the distance between nodes 632 and 671, where the distributed load is connected. The volt/var devices utilised in this network are the
OLTC at the ZS and the 600 kVar capacitor bank at node 675. Three different
control strategies are utilised to test the effectiveness of IVVC in improving voltage
profile and reducing the number of tap change operations. These are:
1. Voltage regulation using OLTC only
In this strategy, the capacitor at node 675 is disabled. When the voltage level
measured at node 670 (middle point as mentioned in Section 3.2.1.1) deviates
by more than 1.5% from 1.0 p.u., a time delay would be triggered. If the
voltage level does not fall within limits within the delay period set, a tap
change signal is sent to the OLTC. Then, the OLTC will operate accordingly.
2. Localised volt/var control
The OLTC is controlled in the same way as in voltage regulation using OLTC
only. In addition, the capacitor bank at node 675 is switched in to or out of
the test feeder with a separate control signal from the OLTC operation. The
reactive power control continuously monitors the var level so that if it exceeds
specified Q limits, the capacitor will be switched in or out accordingly.
3. IVVC
This control strategy integrates voltage and reactive power controls in order
to improve the overall network performance. As shown in Figure 3.2, when
the voltage and reactive power levels violate the specified limits at once, a
capacitor switching signal is sent by the algorithm to replace a tap change
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Figure 3.4: Load profile
operation.

3.2.3 Simulation and Results
The test feeder is modelled in OpenDSS while the control algorithm is implemented
in MATLAB R . OpenDSS runs the load flow and passes information on the state
of the feeder such as voltage and reactive power levels, power factor and capacitor
switching to MATLAB R . Then MATLAB R will execute the control algorithm
to determine any necessary control actions. Once the control action is selected,
MATLAB R returns the appropriate command signal to OpenDSS to perform either
tap change or capacitor switching operation.
The simulation is run at every five minutes interval over a 24-hour period. Figure 3.4
shows the load profile of all connected loads in the test feeder. This load profile shows
the variation of the multipliers in per unit with respect to the ZS transformer rating.
The multipliers are applied to the original loading levels of all connected loads. For
example, at the 50th interval, 0.31 p.u. is applied to all loads connected across the
feeder. The following three sections presents the results of each simulation case.
The transformer tap position at the ZS is set to nominal while the capacitor bank
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Figure 3.5: Voltage profiles using OLTC control method
is disconnected at the beginning of all simulation cases.

3.2.3.1 Voltage regulation using an OLTC only
In this case, the only device responsible in maintaining the voltage profile within
acceptable limits is the OLTC. The number of tap change operations throughout
the 24-hour period is five, with a maximum voltage of 1.0745 p.u. at the ZS and a
minimum voltage of 0.9115 p.u. at node 652 as shown in Figure 3.5. At the 94th
interval, when the voltage at node 670 drops to 0.94 p.u. the OLTC performs a tap
change to increase the transformer secondary voltage to 1.045 p.u. Accordingly, the
minimum voltage at node 652 increases from 0.91 p.u. to 0.93 p.u.

3.2.3.2 Localised volt/var control
Using localised volt/var control, the OLTC will change its tap position to maintain
the voltage level within limits while the capacitor will switch in and out according to
the reactive power level measured at its location. As stated in Secion 3.2.1, since the
OLTC and capacitor controls are independent of each other, there is no coordination
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Figure 3.6: Voltage profile using localised volt/var control method
in selecting the operation of either device in an optimal manner. In this case, the
number of tap change operations remains at five, with three additional capacitor
switchings. The maximum and minimum voltage levels measured throughout the
feeder in the 24-hour simulation period are 1.0745 p.u. at the ZS and 0.9115 p.u. at
node 652 respectively as shown in Figure 3.6. In comparison to results obtained in
Section 3.2.3.1, the range of voltage levels using localised volt/var control method
is the same as using OLTC control only.

3.2.3.3 IVVC
IVVC utilises reactive power control to improve voltage profiles and thereby reducing
the number of tap change operations. With IVVC, the maximum number of tap
changes required to regulate the voltage reduces to three, and the rest of the voltage
regulation is performed by two capacitor switchings. As evident from Figure 3.7,
the maximum and minimum voltage levels measured are 1.0445 p.u. at the ZS and
0.9148 p.u. at node 652, reducing the voltage variance closer to 1.0 p.u. Further, at
the 94th interval, when the voltage level measured at node 670 drops, the capacitor
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Figure 3.7: Voltage profiles using IVVC method
bank switches in to the feeder to replace a tap change. Therefore, the voltage profile
across the feeder remains within a smaller band, closer to 1.0 p.u. compared to cases
using OLTC control and localised volt/var control methods.
Figure 3.8 illustrates the evolution of the voltage profile at various nodes and the
distance of those nodes from the ZS using IVVC. The usage of the surface plot to
illustrate the voltage profile is more effective compared to a line plot as in Figure 3.7
(also Figure 3.5 and Figure 3.6) as the voltage drops from the ZS to the various nodes
are more evident. In addition, the voltage increase resulting from a tap change
operation which takes place at the 95th interval is reflected across the entire feeder
as shown in Figure 3.8.
Figure 3.9 shows the voltage drop along the test feeder starting from the ZS to
node 652, which is the furthest node from the ZS, during the 120th interval. Based
on Figure 3.9, IVVC gives the smallest variance of voltage level along the feeder,
followed by localised volt/var control and OLTC control. This demonstrates that
IVVC is able to provide a smoother voltage profile along the tested distribution
network.
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Figure 3.10: Power factors using different control methods
As shown in Figure 3.10 the power factor of the feeder becomes closer to unity with
the switching of the capacitor banks. Using OLTC only, the average power factor
is 0.823 lagging whereas with volt/var cotrol, the average power factor increases
slightly to 0.839 lagging. The power factor of this feeder is generally very poor,
signifying the nature of loads originally connected to the feeder. The capacitor at
node 675 helps to marginally improve the power factor closer to unity, however, with
this type of loading, this feeder would require an increased number of power factor
correction devices.
Although not the aim of this control strategy, the implementation of IVVC can
also minimise total active power losses in the feeder. As shown in Figure 3.11,
IVVC gives the minimum losses compared to the other two methods over the 24hour period. One aspect to note is that the voltage unbalance [75] in this feeder
for all three cases are very high, which are approximately around 6%. The present
IVVC method does not target to correct voltage unbalance present in the feeder
as the OLTC combined with the single three-phase capacitor bank would not be
sufficient to rectify the level of voltage unbalance present. Load reallocation and a
more sophisticated system that includes active devices will be required to address
the voltage unbalance issue.
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Figure 3.11: Total active power losses using different control methods
Table 3.2: Summary of results
Criteria
OLTC control
Maximum voltage (p.u.)
1.0745
Minimum voltage (p.u.)
0.9115
Voltage variance (p.u.)
0.163
Power factor (lagging)
0.823
Number of tap changes
5

Localised VVC
1.0745
0.9115
0.163
0.839
5

IVVC
1.0445
0.9148
0.1297
0.839
3

The comparison of results from the three control methods is depicted in Table 3.2.

3.2.4 Remarks
Three different voltage control methods have been tested on a modified IEEE 13
node test feeder and compared with each other. Based on the results achieved, the
control method with OLTC only is able to keep the voltage within limits, but with
a wider variance from the float voltage level. The localised volt/var control method
improves the range of voltage profile closer to 1.0 p.u., however, does not reduce
the number of tap change operations due to the lack of communication between
operating devices. On the other hand, the proposed integrated volt/var control is
successful in improving the voltage profile across the test feeder while at the same
time keeping the number of tap change to a minimum.
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There are issues related to voltage unbalance and poor power factor identified in
the simulation results, which could not be resolved with the placement of a single capacitor bank. To address these issues, further sophisticated control method
development including ADN devices will be required.
Voltage regulation in LV networks was previously minimal or governed from MV
networks. As active devices have become more prevalent, new challenges have begun to surface in LV networks, which render previous voltage regulation strategies
inefficient. In spite of this, DNSPs have the option to access and utilise active devices in LV networks for voltage regulation. Combining MV and LV networks in a
voltage regulation strategy seems sensible since they can have direct effects on each
other.

3.3

Integrated Volt/Var Control Strategy in a Combined
MV and LV Network

Due to well known reasons, there has been a significant growth in the integration
of PV systems in MV and LV networks and this will in fact continue to happen.
The increased penetration of DG in LV networks has made voltage regulation in
distribution networks more complex as they can cause voltage rise and reverse power
flow [11, 12].
In addition to voltage rise, the voltage in LV networks can be unbalanced as connected loads and DGs consist of a mix of single-phase, two-phase and three-phase
devices. Demand curves as well as DG penetration levels are variable and stochastic in nature. Most of the proposed volt/var control strategies, for example in [33]
and [35], are implemented in MV networks only. Due to the different characteristics
of MV and LV networks, the volt/var control implemented in MV networks may not
be adequate to mitigate voltage drop issues in MV networks and voltage drop issues
in LV networks. Furthermore, an uncoordinated voltage control could exacerbate
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the voltage level in either network. A thorough voltage control mechanism which
takes into account both MV and LV networks is required to solve voltage issues in
distribution networks.
Although DG causes voltage issues in distribution networks, they have the advantage
of being able to operate at lagging or leading power factor, thus making them a
versatile volt/var device. A power electronic-interfaced DG, such as a PV inverter,
can regulate voltage smoothly and quickly in contrast to a mechanically switched
device such as a capacitor bank. Nevertheless, active DG participation in voltage
regulation must be managed properly or it could cause a coordination problem with
the existing voltage control philosophy in networks. In addition, if not executed
properly, one DG voltage control could interfere with other DGs in the vicinity.
This could not only cause a coordination problem, but also introduce power quality
issues such as rapid voltage changes.
Although DNSPs usually perform voltage regulation in MV networks only, voltage
regulation in LV networks has become a focus in recent literature [48, 59, 60, 76].
Authors of [48, 59, 60, 76] proposed the use of a tap changer at the distribution
transformer, capacitor banks and PV inverters in the LV network to regulate the
voltage level. All proposed methods give excellent voltage regulation in LV networks,
however since they are detached from the MV side of the distribution networks,
the impacts of the proposed methods on MV networks and the impacts of voltage
regulation in MV networks on the tested LV networks are not considered.
The increasing penetration of DG may change the paradigm of voltage regulation to
the extent that traditional volt/var control may not be effective. However, the effects
of this increasing penetration can be countered by exploiting the versatility of DG
devices. This section proposes a holistic volt/var control (HVVC) approach which
takes into account voltage regulation in both MV and LV networks. The proposed
control method utilises an on load tap changer and a fixed capacitor bank in the
MV network and also solar PV inverters in the LV network. HVVC is implemented
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using a feedback control approach which continuously monitors the voltage and
reactive power and carries out control actions accordingly. HVVC aims to improve
the voltage profile along the MV and LV networks, while at the same time utilising
the control devices in the most efficient way.

3.3.1 Control Algorithm Development
The proposed HVVC consists of IVVC in the MV network (from Section 3.2.1) and
a separate volt/var control in the LV network. HVVC is designed to improve the
voltage profile in a combined MV-LV distribution network with the least number of
tap change operation carried out by the OLTC. This section explains the volt/var
control strategy in the LV network and how it is combined with IVVC from Section 3.2.1 to form the final HVVC.

3.3.1.1 PV droop control in the LV network
The convention for PV inverter operation used in this Thesis encompasses a four
quadrant operation as shown in Figure 3.12. The first quadrant is where the inverter
is generating active power into the grid at a leading power factor while the second
quadrant is where the inverter is generating active power at a lagging power factor.
These two quadrants can also be identified as generating quadrants. The third
quadrant is where the inverter is consuming active power at a lagging power factor
while the fourth quadrant is where the inverter is consuming active power at a
leading power factor.
The proposed HVVC algorithm assumes that each PV inverter in the LV network has
a droop control, whereby the inverter is capable of operating at a leading or lagging
power factor to regulate the voltage at its PCC. The PV droop control utilised in
this Thesis, which is adopted from [46], uses piecewise equations to define operating
power factor based on voltage set points. The coefficients in the piecewise equations
are derived using curve-fitting technique. When the voltage, Vm , measured at the
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Figure 3.12: Four quadrants PV inverter operation
inverter PCC is less than the pre-set voltage, the inverter will start operating at a
leading power factor, represented by quadrant 1 in Figure 3.12. On the other hand,
when Vm is greater than the pre-set voltage, the inverter will start operating at a
lagging power factor as represented by quadrant 2 in Figure 3.12.
In this control method, the power factor for PV inverters is restricted between 0.95
leading and lagging (illustrated in Figure 3.13) as limited by Australian standard
AS 4777.2 [45]. The operation of PV inverters beyond this power factor will be
discussed in Chapter 6. The droop control of each inverter is defined by (3.2) to
determine the operating power factor, pf , based on the voltage at the PCC. In (3.2),
a positive power factor corresponds to a leading power factor while a negative power
factor corresponds to a lagging power factor.
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Figure 3.13: Power factor range for PV inverter operation

pf =





0.95
if Vm ≤ V1








1.6667Vm − 0.6167 if V1 < Vm < V2




1








1.25Vm − 2.2875





−0.95

if V2 ≤ Vm < V3

(3.2)

if V3 ≤ Vm < V4
if Vm ≥ V4

Once the operating power factor has reached the limit of 0.95 lagging, the inverter
will start curtailing its real power injection.
The voltage set points V1 , V2 , V3 and V4 are given in Table 3.3. These set points are
determined based on the range between standard voltage limits of -6% and +10%
from the float voltage level, Vf , of 1.00 p.u. These set points can be extended to
include further set points, however, this may cause rapid voltage changes as PV
inverters continue to change their operating power factor. The relationship between
the operating power factor and voltage set points is shown in Figure 3.14.

3.3.1.2 Proposed holistic volt/var control
The control method presented in Section 3.3.1.1 continuously monitors the voltage
level in the LV network and reports inverter corrective actions back to the main
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Table 3.3: Voltage Set Points
Label
V1
V2
V3
V4

Set Point
0.94 p.u.
0.97 p.u.
1.03 p.u.
1.07 p.u.

leading

pf

V2

1.0

V3

V4

Vm (p.u.)

lagging

V1

Figure 3.14: Relationship between power factor and voltage at the inverter PCC
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HVVC. With this, the HVVC will select the best possible control actions in situations such as when the voltage level in the MV network is at risk of violating an
extreme limit, whereas the voltage level in the LV network is at risk of violating the
other extreme end.
When a corrective action requested from the HVVC scheme is opposing the voltage
situation reported from Section 3.3.1.1, the main control sends a signal to the PV
droop control to operate at the power factor limit and/or start curtailing active
power output. As an example, if the OLTC operates to increase the voltage level at
the ZS, however this will bring the voltage level in the LV network to the maximum
limit, then the main HVVC issues a signal to PV droop control to start operating
at a power factor of 0.95 lagging and start curtailing the active power output.

3.3.2 Network Model
The modified IEEE 13 node test feeder in Section 3.2.2 is used as the MV network side of the distribution network. The original IEEE 13 node test feeder has a
distribution transformer with an aggregated LV load at node 634. For simulation
purposes, an extension of an LV network is connected to node 634 as shown by
Figure 3.15. The LV network is inspired from typical residential areas in New South
Wales, Australia. There are two LV feeders connected to the distribution substation (DS), supplying 31 single-phase residential customers. The original aggregated
load at node 634 is distributed across all customers by following the trend of typical
semi-rural Australian LV networks. All customers have a rooftop PV system and all
PV inverters are able to operate at a leading or lagging power factor as described
in Section 3.3.1.2. Each line section between LV nodes is a three-phase, 80 feet line,
while each of the line sections supplying the load from the PCC is a single-phase,
35 feet line. Tables 3.4 and 3.5 show line impedances for the three-phase line and
the single-phase line respectively.
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Figure 3.15: LV network extension from bus 634
Table 3.4: Three-phase line impedance
Length
80

R (Ω/km)
X (Ω/km)
C (nF/km)
Self
Mutual
Self
Mutual
0.4827 0.1607 0.0803 0.0063
0

3.3.3 Simulation and Results
The LV network section is modelled in OpenDSS with its MV network counterpart
while the proposed HVVC is executed through MATLAB R . This simulation is
run at five minutes interval for a 24-hour period during which the load and PV
profiles vary. In order to test the effectiveness of the proposed HVVC, two different
simulations are conducted:
i. IVVC from Section 3.2.1 is implemented in the MV network only. In this case,
PV inverters in the LV network operate based on the default volt/watt control
requirements in AS 4777.2 [45]. This is illustrated by Figure 3.16.
ii. The proposed HVVC is implemented in the entire tested network.
Figure 3.17 shows a plot of percent PV penetration from the distribution transformer
capacity versus maximum voltage recorded in the LV network using IVVC and
Table 3.5: Single-phase line impedance
Length(ft) R (Ω/kft)
35
0.25

X (Ω/kft)
0.076

C (nF/kft)
3
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Figure 3.16: Default volt/watt curve for PV inverters [45]
HVVC. As depicted in Figure 3.17, as the PV penetration increases, the maximum
voltage obtained using IVVC also increases. When the PV penetration reaches 60%,
the voltage level violates the maximum steady state voltage of 1.1 p.u. On the other
hand, using HVVC, the maximum voltage is regulated to stay within limits. The
following presents a more in depth comparison between IVVC and HVVC during
PV penetration of 95%.
Based on the two simulations, MV voltage profiles obtained using proposed IVVC
and HVVC show no apparent difference, signifying that the OLTC and the capacitor
bank in the MV network are sufficient to perform voltage regulation in the tested MV
network. The average voltage profile at the MV network using HVVC is shown in
Figure 3.18 and using IVVC, the voltage profile obtained is very similar. The number
of tap change operations and capacitor switchings are the same for both control
methods, which are one tap changes and two capacitor switchings. In addition, the
operation of PV systems in the LV network does not cause a significant change to
the voltage profile in the MV network. A capacitor switching takes place at the
125th interval to provide voltage support to the network. When more voltage boost
is required, a subsequent tap change operation is performed. By using this method,
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Figure 3.17: Relationship between % PV penetration and maximum voltage in LV
network
the voltage profile across the network not only stays within limits but also remains
within a narrow band, close to 1.00 p.u.
Using both control methods, when the PV penetration peaks during midday, the
voltage levels on phases A and C in the LV network remain within limits. However,
using IVVC, the voltage level on phase B rises more than the maximum limit as
shown in Figure 3.19. The default PV inverter volt/watt control starts to curtail
PV injection when voltage level at the PCC becomes more than 1.09 p.u. As seen
in Figure 3.19, there are instances when the voltage level becomes more than 1.1
p.u. during peak penetration, for example between 146th to 181st interval. On
the other hand, using the proposed HVVC, the voltage level in Figure 3.20 remains
within allowable limits as the PV inverters start operating at lagging power factor
and curtailing active power injection much earlier.
One thing to note, for both control methods, there are voltage excursions as results
of PV inverters disconnecting and reconnecting to the grid based on the voltage
level measured. Although this is not prohibited by the standards, this situation
is not ideal for both PV inverters and the grid. This issue will be addressed in
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Figure 3.18: Average voltage profile using HVVC for the MV network
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Figure 3.19: Voltage profile using IVVC for the LV network at phase B
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Figure 3.20: Voltage profile using HVVC for the LV network at phase B
Chapter 6.

3.3.4 Remarks
This section proposed a HVVC applicable on both MV and LV networks to improve the steady state voltage level of the distribution network as a whole. The
results obtained using the proposed control method are compared against that using
IVVC to verify its efficiency. Using both control methods, the number of operations
carried out by devices in the MV network is the same and voltage levels in MV
network remain within limits. Using HVVC, voltage levels in the LV network are
kept within limits whereas instances of voltage violations happen when using IVVC.
The drawback of this method is that it may require active power curtailment which
is disfavoured by PV owners. Therefore, in order to minimise the loss of income
to PV owners, active power curtailment is always the last resort in the proposed
method.
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3.4

Chapter Summary

This chapter presents initial case studies for volt/var control methods using devices
already available in the network. Firstly, an integrated method for volt/var control
in MV network is proposed and validated against traditional OLTC and localised
volt/var controls. The proposed control is then extended to include a simultaneous
voltage regulation in LV network, HVVC. Using proposed IVVC and HVVC, available volt/var devices are utilised in resourceful ways to effectively regulate voltage
levels while avoiding investments in new infrastructure. Future work includes the
operation of PV inverters and energy storage beyond their proposed operation in
this chapter. This would provide further benefits to PV owners as active power
curtailment could be avoided. The case studies in this chapter would be expanded
to include the theoretical framework for volt/var control in a combined MV-LV
network.

Chapter 4
Framework for Voltage Regulation
in Integrated MV-LV Networks

4.1

Introduction

Before the emergence of ADNs, voltage regulation of LV networks was not a major
concern with DNSPs in Australia. DNSPs usually leave the off-load tap changer at
distribution transformers to produce higher voltage level to cater for peak loads as
their means of voltage regulation. Meanwhile, voltage regulation in MV networks
involve different strategies and devices, for example volt/var control using OLTC,
voltage regulators and capacitor banks. In contrast to voltage regulation strategies
in LV networks, the devices utilised for voltage regulation in MV networks usually
operate daily to respond to varying load profiles.
The rise of DG in LV networks has added some complexities that can challenge traditional voltage regulation methods in ADNs. This subsequently introduces more
contemporary voltage regulation strategies for LV networks. Stemming from the
separation of MV and LV networks, voltage regulation methods in these two networks also inherently approached as separate issues. However, changes in voltage
magnitudes in an MV network can affect voltage magnitudes in an associated LV
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network and vice versa. In addition, voltage changes in an MV network can be
contrary to changes in the associated LV network.
This chapter discusses voltage regulation in a distribution network in its entirety,
combining MV and LV networks in one problem. A theoretical formulation that
describes MV-LV network from the perspective of voltage regulation is presented.
Consequently, a holistic approach for IVVC in MV and LV networks is developed
and proposed based on the theoretical formulation.

4.2

Analytical Formulation of a Holistic Distribution Network

Voltage regulation strategies in MV and LV networks have always been considered
and approached separately. Nonetheless, changes applied to one side of the network
can influence the other, and voltage control methods which are segregated between
MV and LV networks may not address this properly. In other words, there is a
fundamental disconnect between voltage regulation in distribution networks because
of this segregated approach. This disconnect is prevalent in ADNs since issues
such as voltage rise and reverse power flow are becoming commonplace [11]. This
shows that a voltage regulation method that combines both MV and LV networks
by taking into account challenges posed in both sides of the distribution network
while efficiently utilising voltage regulating resources available throughout the entire
network is important.
An efficient voltage regulation method delivers the design requirements for a distribution network which in turns relies on the understanding of the state of the
network at any particular instance, including current flow and voltage drop. Load
flow methods can be used to solve for unknown parameters (such as voltages, currents and power flows) in a distribution network. There are a wide variety of load
flow algorithms developed to solve electrical networks including forward-backward
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sweep method [77, 78], compensation method [79], implicit Z-bus method [80–82],
fuzzy logic method [29,83,84], and modified Newton or Newton like methods [85–88].
These methods generally depend on the convergence of iterative solutions to solve
for unknowns in the algorithm. These methods can no longer be relied on when
the convergence is not achieved, which is a challenge in LV networks due to their
unbalance three-phase nature.
Authors of [18] present a simplified load flow solution using active power and reactive
power injections at a specified bus. However, this method is limited to a singlephase equivalent MV network and also requires iterative convergence techniques.
In [89], the author presents a direct approach for unbalanced three-phase distribution
load flow solutions which is robust and time-efficient. The approach proposed only
requires the traditional bus-branch oriented data used by most DNSPs. However, the
approach developed does not include a whole distribution network where transitions
to different voltage levels happen.
The voltage variation across an entire distribution network can be easily understood
through a thorough analytical formulation which includes both the MV and LV sides
of the distribution network. This analytical formulation presents a distribution network without decoupling the LV network from the MV network, which is a necessity
in order to construct a voltage control method that simultaneously regulates the
voltage across both sides of the network. By exploring the network as a whole, the
voltage control method can easily evaluate the influence of changes in one part of
the network on other parts of the network. Hence, a new analytical formulation
that presents the entire distribution network as one whole network is essential in
the process of developing an effective volt/var control method.
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4.2.1 Proposed Analytical Formulation for Voltage Regulation in a
Holistic Distribution Network
In this section, a new analytical formulation is developed considering a transition
of different voltages, so that it is applicable to both sides of a distribution network.
The analytical formulation, which is inspired from [89], inherits the same advantages
of it and takes into account both active and passive devices available in the entire
distribution network. The proposed analytical formulation takes advantage of some
of the basic features of a direct approach for a distribution network load flow solution
proposed in [89]. The approach in [89] employs two different matrices and simple
matrix multiplications to solve for voltage drops in a network. This approach starts
with solving for branch currents based on all current injections in the network, which
can represent a load or any voltage regulating devices in the network. Then, the
voltage at a specific bus in the network can be found by solving the voltage drop
between the reference bus and the specific bus, which is equivalent to the product
of branch currents and branch impedances. The solution approach proposed in [89]
is straightforward and only relies on the topological network data used by most
utilities. With this approach, the lower-upper (LU) decomposition and forwardbackward substitution of the Jacobian matrix (or similar matrices) can be avoided,
making it robust and efficient. This approach can also be used for load flow solution
of weakly meshed distribution systems. This approach can be utilised on either the
MV or LV sides of distribution networks, however it does not address the load flow
solution across an entire distribution network, where there is a transition to different
voltage levels.
Figure 4.1 shows an example of a generalised single-line diagram of a distribution
network topology. This usually consists of a ZS, multiple DSs, three-phase distribution lines, single-phase service lines, loads across different phases, capacitor banks
and PV systems.
Figure 4.2 shows a per unit representation of a complete distribution network across
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Figure 4.1: Generalised representation of a distribution network
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one phase. Substation transformers and distribution lines are represented as impedances
(Z), while the load, capacitor and PV system are represented as positive or negative
current injections, denoted by Ii,L , Ii,C and Ii,P respectively. Different types of loads
such as constant current and constant impedance loads can be converted into current injections and included in the load flow as well. The conversion of distribution
transformer depends on the winding and leakage impedance of the transformer. If
phasors need to be taken into account for the transformer, different resistance and
reactance values can be used to represent the phasors. Although not included in
this Thesis, other voltage regulating devices such as voltage regulators, on load tap
changers and energy storage systems can also be included as impedances and current
injections.
ZS

i+1

i
IZS,i
ZZS,i

Ii

i+2

n

Ii,i+1

Ii+1,i+2

Ii+2,n
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Zi+1,i+2

Zi+2,n

Ii,L Ii,C Ii,P

Ii+1

Ii+2

In

Figure 4.2: Per unit equivalent circuit for one phase across an MV and LV network
The distribution transformer, which is at a fixed tap, is the network element that
separates the LV network from the MV network. The conversion of this transformer
into an equivalent impedance bridges the gap between these two different voltage
levels so that the network can now be treated as a single entity. Consequently,
per unit representation of the network is imperative since its versatility allows it
to function in different voltage levels at the same time. By undertaking such a
conversion, the situation at the end of the LV network can be known from the ZS
point of view and vice versa. The sensitivity of each buses to any changes in any
part of the network can also be monitored easily. For example, the effect of PV
systems in an LV network on MV buses at the other end of the network will be
shown in Sections 4.2.2.2 and 4.3.3. Knowledge of this information is crucial in the
development of a voltage regulation method, and the ability to gain this information
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is aided with ease by this proposed formulation.
The base complex power, Sbase , is equal to the kVA rating of the distribution transformer, while base voltages of MV and LV sides of the network are voltage ratings
of the primary and secondary side of the transformer respectively. Although the
single phase representation is shown below, same philosophy is undertaken for all
three phases. Referring to Figure 4.2, the complex load Si,L at bus i is equivalent
to:

Si,L = Pi,L + jQi,L

i = 1...n

(4.1)

where Pi,L and Qi,L are the active and reactive load at bus i.
The equivalent load current at bus i can be denoted by

k
Ii,L

=

re
Ii,L

+

im
jIi,L


=

Pi,L + jQi,L
Vik

∗
(4.2)

k
im
re
at
are real and imaginary components of the load current Ii,L
and Ii,L
where Ii,L

the k-th iteration while Vik is the bus voltage at the k-th iteration. For a voltage
correction device that supplies active or reactive power (or operates at a leading
power factor) such as capacitors and PV systems, the device is treated as a negative
k
k
load. The current supplied by a capacitor, Ii,C
, and a PV system, Ii,P
, at bus i at

the k-th iteration are shown by (4.3) and (4.4) respectively.

k
Ii,C

k
Ii,P

=

re
−Ii,C

=

re
−Ii,P

−

im
jIi,C

−

im
jIi,P


=


=

−Pi,C − jQi,C
Vik

∗

−Pi,P − jQi,P
Vik

∗

(4.3)

(4.4)
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re
im
Ii,C
and Ii,C
are the real and imaginary components of the capacitor current while
re
im
Qi,C is the equivalent var of the capacitor. Meanwhile, Ii,P
and Ii,P
are real and

imaginary components of the PV system current and Pi,P and Qi,P are the real and
reactive power supplied by the PV system.
By applying Kirchhoff’s Current Law (KCL), the total current injection at bus i
will be the sum of all currents present at the k-th iteration.

k
k
k
Iik = Ii,L
+ Ii,C
+ Ii,P

(4.5)

By once again applying KCL, the branch current between two buses (for example
the ZS bus and bus i) will be the sum of current injections from bus ZS to all
downstream buses that are connected to it.

k
k
k
IZS,i
= Iik + Ii+1
+ Ii+2
+ ... + Ink

i

u

ZS

(4.6)
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Figure 4.3: Per unit equivalent circuit with additional branches for one phase across
an MV and LV network
The topology of realistic distribution networks are interconnected with multiple
parallel branches in the MV and LV networks. Figure 4.3 represents the gener-
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alised equivalent circuit when additional branches are present. Subsequently, IZS,i
becomes:

0

k
k
= IZS,i
+ Iuk + Ivk + Iwk
IZS,i

(4.7)

By applying Kirchhoff’s Voltage Law (KVL), the voltage drop, ∆Vik , at the k-th
iteration from the ZS to bus i can be calculated as shown by (4.8):

k
∆Vik = ZZS,i IZS,i

(4.8)

where ZZS,i is the line impedance between the ZS and bus i. In the case where the
network is unbalanced, the impedance in (4.8) will be replaced by a 3x3 matrix that
includes self and mutual impedances from the line section while the current will be
replaced by 3x1 matrix which contains the current for all three phases as shown by
(4.9).
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(4.9)

From (4.8) and (4.9), the bus voltage, Vi , can be found by subtracting ∆Vik from
the ZS voltage, VZS . From (4.6) and (4.8), ∆Vi can be expressed as:

re
im
∆Vi = (RZS,i + jXZS,i )(Ii,n
+ jIi,n
)

(4.10a)

re
im
re
im
− XZS,i Ii,n
+ j(XZS,i Ii,n
+ RZS,i Ii,n
)
∆Vi = RZS,i Ii,n

(4.10b)
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where RZS,i and XZS,i are the line resistance and reactance between ZS bus and bus
re
im
i and Ii,n
and Ii,n
are the real and imaginary current injections from bus i to bus

n.
Similarly, with additional branches, from (4.7) and (4.8), ∆Vi will be:

re
re
im
im
∆Vi0 = (RZS,i + jXZS,i )(Ii,n
+ Ii,w
+ jIi,n
+ jIi,w
)

(4.11a)
re
re
im
im
re
re
im
im
)]
+ Ii,z
) + RZS,i I(Ii,n
+ Ii,z
) + j[XZS,i (Ii,n
+ Ii,z
∆Vi0 = RZS,i (Ii,n
+ Ii,z
) − XZS,i (Ii,n

(4.11b)

In general, the real and imaginary components of ∆V can be represented as:

∆V re = I re R − I im X

(4.12a)

∆V im = I re X + I im R

(4.12b)

The formulation can be used to perform a sensitivity analysis to determine the factor
which V and ∆V are most dependant on. This is as the formulation demonstrates
the continuity and spread of ∆V throughout the entire MV and LV networks. With
this, the voltage requirement across the entire network is known and voltage control
actions can be planned accordingly. For example, the level of reactive power required
to regulate the voltage level measured at a bus can be determined by working out the
corresponding current injection needed to increase or decrease ∆V at the bus. By
knowing the exact requirement across the entire network, the consequent voltage
control action taken will accommodate each bus regardless of its location in the
network, and in addition, unnecessary voltage compensation actions can also be
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Figure 4.4: Modified IEEE 13 node test feeder [74]
avoided.

4.2.2 Validation of the Proposed Analytical Formulation
This section describes the validation process for the proposed analytical formulation.
The proposed analytical formulation is solved in MATLAB R and results obtained
are compared with a load flow solution from OpenDSS.

4.2.2.1 Network Model
The proposed analytical formulation is applied on a modified IEEE 13 node test
feeder to verify its effectiveness. The original IEEE 13 node test feeder consists of an
MV network and only an aggregated LV load on the secondary side of a distribution
substation. In order to demonstrate the veracity of the proposed formulation, a
distribution network which consists of both MV and LV networks is required. This
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Table 4.1: LV network load data
Node
LV1
LV2

Phase A
11 + j4
A1: 13 + j6
A2: 11 + j4

LV3

13 + j6

LV4

11 + j4

LV5
LV6
LV7
LV8

A1:
A2:
A1:
A2:
A1:
A2:
A1:
A2:

13
15
11
11
11
13
11
11

Load(kVA)
Phase B
11 + j4

Phase C
11 + j4

11 + j4

11 + j4

B1: 10 + j3
11 + j4
B2: 10 + j3
13 + j6
13 + j3
13 + j6
j6
+ j10
+ j4
+ j4
+ j4
+ j6
+ j4
+ j4

10 + j3

13 + j6

10 + j3

11 + j4

10 + j3

11 + j4

10 + j3

11 + j4

network can also be used in the future as a platform to develop a voltage regulation
method across an entire distribution network.
The IEEE 13 node test feeder has been extended to include a portion of LV network
which is inspired by a typical residential area in a semi-rural part of Australia.
Figs. 4.4 and 3.15 show the MV and LV networks of the modified IEEE 13 node
test feeder respectively. The LV network is extended from node 634, where there
are two LV feeders connected to the DS rated at 500 kVA, supplying 31 single-phase
residential customers. The LV network topology is described in Section 3.3.2.
In the modified IEEE 13 node test feeder, the voltage regulator between nodes
650 and 632 and the single-phase capacitor at the node 611 are removed. The
transformer at the ZS is modelled with an OLTC. The 600 kvar capacitor bank at
node 675 is modelled as a switched capacitor with 150 kvar per step. Node 670
in Figure 4.4 is one-third of the distance between nodes 632 and 671, where the
distributed load is connected. The loading on the MV network follows the loading
of IEEE 13 node test feeder [74] and the load on the LV network is distributed across
the three phases as shown in Table 4.1.
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In this simulation, each customer has a single-phase rooftop PV system rated at
10 kVA for phases A and C and 15 kVA for phase B. The ratings of these PV
systems are specified to be higher than the allowable rating for PV systems in Australian standard AS 4777.1 to demonstrate the effect of growing PV penetration
in distribution networks [42]. All PV systems are operated at a unity power factor.

4.2.2.2 Simulation and Results
To analyse the accuracy of the proposed formulation under different network conditions, four different scenarios are tested, which are:
1. Peak loads with no PV system penetration.
2. Peak loads with peak PV system penetration.
3. Peak MV loads, 40% of peak LV loads and 40% of peak PV system penetration.
4. Peak MV loads, 40% of peak LV loads and peak PV system penetration.
Figure 4.5 presents magnitudes of ∆V across the modified IEEE 13 node test feeder
under case four using both the proposed formulation in MATLAB R and simulation
in OpenDSS. |∆V | is from the node 650 which is the ZS and depends on which phase
is available on the line sections. As seen from Figure 4.5, |∆V | obtained using the
proposed formulation and simulation match, verifying the veracity of the proposed
formulation. |∆V | on phase B can be seen to be significantly lower compared to
that on phases A and C as the loading on phase B is considerably smaller than
the loading on phases A and C. As seen in Figure 4.5, |∆V | obtained using the
theoretical formulation match that using OpenDSS.
The percentage error in ∆V is calculated as shown in (4.13). Table 4.2 summarises
the range of percentage error for ∆V at all buses across the whole network obtained
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Figure 4.5: |∆V | across the modified IEEE 13 node test feeder including LV network
extension
from the analytical formulation compared to the simulation results.

% error =

|∆Vcalculation − ∆Vsimulation |
∆Vsimulation

(4.13)

As seen, the error ranges from 0% to 3.8% for calculating ∆V at the third decimal
point. This demonstrates that the error is negligible.
Based on Figure 4.5, |∆V | is shown to be dependant on the combination of net power
flow and the impedance of line sections. The proposed theoretical formulation can
be used to further analyse factors that affect ∆V , and this knowledge can be used to
determine the corresponding voltage control actions required to regulate the voltage
level in distribution networks.
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Table 4.2: Summary of Results
Case
Case 1

Case 2

Case 3

Case 4

Phase
A
B
C
A
B
C
A
B
C
A
B
C

Range of %
Real
0.005 - 0.403
0.004 - 0.139
0.000 - 0.331
0.004 - 0.368
0.005 - 0.139
0.000 - 0.313
0.000 - 0.418
0.004 - 0.534
0.003 - 0.278
0.007 - 0.422
0.007 - 0.296
0.003 - 0.318

Error of ∆V
Imaginary
0.004 - 2.104
0.393 - 2.419
0.027 - 3.445
0.022 - 2.419
0.231 - 2.737
0.079 - 3.248
0.073 - 2.522
0.268 - 3.320
0.007 - 3.044
0.028 - 3.782
0.085 - 3.569
0.118 - 3.166

4.2.2.3 Conclusions
An analytical formulation applicable for voltage regulation in a combined MV-LV
network is proposed. The analytical formulation is applied on a modified IEEE 13
node test feeder which has been extended to include an LV network section for verification purposes. Different scenarios of loading and PV penetration are examined
and results obtained are compared to that using load flow simulations in OpenDSS.
The percentage error shows negligible calculation differences at the third decimal
point. The proposed analytical formulation will be used in the development of a general volt/var control method that can be applied on a holistic MV-LV distribution
network.

4.3

Development of a Volt/Var Control Method using the
Proposed Analytical Formulation

Advantages of the proposed theoretical formulation are exploited to develop a volt/var
control method that manage an entire distribution network. The theoretical formulation:
i) allows observation of the whole distribution network as a single, top-down net-
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work from the ZS to the end LV customer,
ii) solves branch currents, voltages and voltage drops at all nodes in the network,
and
iii) details all voltage control devices in the network (capacity, location, etc) and
their sensitivity to variations in network voltages.
The main objectives of the proposed volt/var control method are to ensure:
i) that voltage levels in the network are within established boundaries and statutory requirements,
ii) the minimum number of tap change operations are performed by the OLTC,
and
iii) the maximum active power injection from PV systems can be achieved.
There are several steps associated with the generalised volt/var control method
to ensure that these objectives are met. Before volt/var control is established for
the network, a lookup table which contains the sensitivity of control devices in
the network requires development. The lookup table will be used in the proposed
volt/var control method to decide on appropriate control actions.

4.3.1 Development of a Lookup Table
In this section, volt/var control devices taken into account are capacitors and PV
systems, however, other devices can also be included in the lookup table. When a
capacitor is connected to a network, the respective current supplied by the capacitor
is calculated using (4.3). From (4.10), the new ∆V , ∆Vi,C , is therefore:

re
im
im
∆Vi,C = (Ii,n
+ jIi,n
+ jIi,C
)(RZS,i + jXZS,i )

(4.14)
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Similarly, when a PV system is connected, ∆Vi,P can be expressed as:

re
im
re
im
∆Vi,P = (Ii,n
+ jIi,n
+ Ii,P
+ jIi,P
)(RZS,i + jXZS,i )

(4.15)

Assuming that the network operating condition remains the same, the corresponding
improvements of ∆V at bus i as a result of the capacitor operation, ∆Vimp,C , or PV
system operation, ∆Vimp,P , are calculated as follow:

∆Vimp,C = ∆Vi,C − ∆Vi

(4.16a)

∆Vimp,P = ∆Vi,P − ∆Vi

(4.16b)

im
∆Vimp,C = (jIi,C
)(RZS,PCC + jXZS,PCC )

(4.16c)

re
im
∆Vimp,P = (Ii,P
+ jIi,P
)(RZS,PCC + jXZS,PCC )

(4.16d)

where RZS,PCC and jXZS,PCC are the line resistance and reactance from the ZS to
the PCC between bus i and the bus where the control device is connected.
im
For a capacitor, only jIi,C
is taken into account under the assumption that minimal

real current component is injected. In this Thesis, all PV systems are operating at
im
re
is
unity power factor, therefore only Ii,P
is calculated, assuming that minimal Ii,P

injected. Therefore, ∆Vimp,P can be simplified as:

re
∆Vimp,P = (Ii,P
)(RZS,PCC + jXZS,PCC )

(4.17)

The magnitude of voltage improvement, |∆Vimp |, at different buses as a result of
different control device operation is listed in a lookup table. This process is repeated
for each control device in the network until the lookup table is completed.
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Table 4.3: Generalised lookup table
Injection
Capacitor 1
Capacitor 2
..
.
PV 1
PV 2
..
.

Bus 1
|∆Vimp1,C1 |
|∆Vimp1,C2 |

∆V
Bus 2
|∆Vimp2,C1 |
|∆Vimp2,C2 |

|∆Vimp1,PV1 |
|∆Vimp1,PV2 |

|∆Vimp2,PV1 |
|∆Vimp2,PV2 |

···

Bus n
|∆Vimpn,C1 |
|∆Vimpn,C2 |
|∆Vimpn,PV1 |
|∆Vimpn,PV2 |

Table 4.3 shows an example of the lookup table used in this Thesis wherein entries
correspond to the number of control devices and buses in the network.

4.3.2 Proposed Generalised Volt/Var Control Method
This section describes the benefits of the proposed volt/var control on combined MVLV networks and the implementation of the proposed volt/var control in distribution
networks.

4.3.2.1 Motivation behind the proposed volt/var control method
Using the proposed volt/var control method, the realistic topology of interconnected
MV and LV networks with unbalanced distribution of loads and PV systems are
taken into account. This ensures that the average three-phase as well the individual
phase voltage levels across the entire network are within stipulated limits.
The segregation of voltage control strategies in MV and LV networks as a common
practice may no longer be adequate in currently evolving distribution networks.
When there is no coordination between control devices in a distribution network,
redundant or conflicting control operations may be carried out by multiple devices in
the network. The proposed volt/var control method eliminate the risk of excessive
control device operations, ensuring an ideal network performance.
When compared to other volt/var control methods [7, 59, 60], the volt/var control
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actions undertaken by the proposed control method are based on the state of both
MV and LV networks. Therefore, any control actions that may deteriorate the
voltage on either sides of the network can be avoided. If there is a viable control
action on one side of the network that can improve the voltage magnitude on the
other side of the network, this will also be taken into consideration. The proposed
volt/var control method also prioritises control actions that will globally improve
the voltage magnitude across the network with minimal device operations as will be
demonstrated in Sections 4.2.2.2.
High PV system penetration in LV networks can cause violation of steady state
voltage level, not only in LV networks but can also cause reverse power flow into
MV networks [11]. The proposed volt/var control can accommodate more PV system
penetration by utilising other available control devices in both MV and LV networks
to improve the voltage level across the entire network, thereby avoiding active power
curtailment.

4.3.2.2 Implementation of the proposed volt/var control method
Under the proposed volt/var control method, the voltage magnitude across the entire
network at each phase is monitored at every 15 minutes to prevent any voltage limit
violations, as shown by (4.18). In this case, only the voltage magnitude is taken
into account since the voltage phase angle is not bounded with the established
standard.

|Vminimum | ≤ |Vwarn-min | ≤ |Vi | ≤ |Vwarn-max | ≤ |Vmaximum |

(4.18)

The minimum and maximum voltage limits can be the standardised allowable voltage range established by [1], for example, or a smaller range to ensure that the
voltage level in the network will never stray outside prescribed limits. The limits can also be different for any buses in the network, for instance, different set of
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limits can be used in the MV and LV networks as they may have different voltage
requirements.
If a voltage level violates the preset maximum and minimum ranges, an emergency
signal will be sent to the control system, so that an immediate action can be taken.
In addition, the ‘health’ of voltage levels across the entire network is graded. When a
voltage level is within Vwarn-min and the minimum limit or Vwarn-max and the maximum
limit, a warning signal will be sent to the control system. This is to ensure that any
correcting action will not exacerbate the voltage level in the warning range.
When a voltage limit is violated, the control system will calculate the voltage magnitude required to bring the voltage back within safe limits as shown by (4.19).

|∆Vrequired | = |Vtarget | − |Vi |

(4.19)

|Vtarget | used in (4.19) is between Vwarn-min and Vwarn-max to ensure that |Vi | improves
significantly and remains close to the nominal value. A negative |∆Vrequired | indicates
that the voltage at the bus must be reduced while a positive |∆Vrequired | indicates
that the voltage must be increased.
The lookup table is updated every time a voltage violation happens in the network,
as the system condition changes all the time with changing loads and varying control
actions. |∆Vrequired | is then matched with |∆Vimpi | at the respective bus in the lookup
table based on several hierarchical conditions that will ensure:
i. the voltage level across the entire network be within prescribed limits,
ii. the maximum active power is injected through PV systems,
iii. the minimum number of tap change operations are performed by the OLTC at
the ZS, and
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iv. the number of consecutive volt/var device operations is minimised.
The control actions requested by the proposed volt/var control method are intended
to accomplish the set hierarchical conditions based on the availability of control
devices. The first condition will ensure that each warning signal sent to the control
system is taken into account before making any voltage correction action. In case
where several voltage violations happen at the same time, the control system will
check for redundant control action that can be used as a holistic volt/var control
action instead of a localised one. For example, when two buses from different feeders
require a voltage boost, the control system will decide on a single holistic action that
will satisfy the voltage requirement of both buses instead of two separate localised
control actions.
In order to avoid redundant or conflicting device operations in the network, the
fourth condition is included as a separate measure from the normal device hysteresis.
However, in case where conflicting voltage violations happen at the same time,
simultaneous or consecutive device operations will be allowed to ensure that all
voltage level across the network remain within limits.
Figure 4.6 summarises the proposed generalised volt/var control method. The proposed volt/var control method takes advantage of the holistic view across an entire
distribution network to ensure that voltage regulation is performed efficiently on
the network. Since network voltage levels and the status of control devices across
the network are inputs to the control system, unwanted and unnecessary control
actions can be avoided. The hierarchical conditions of the proposed volt/var control
method can be modified depending on criteria that are most important to a DNSP.
Therefore, the volt/var control method offers the choice of being selective on which
control devices to utilise. As the proposed control does not include optimisation
algorithms, it can be feasibly adopted by DNSPs for realistic networks.
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t=t+1

Run load flow at t = t

Check for voltage violations at all nodes
across all phases

Requires correction?

no

yes

Produce a lookup table which lists ∆V for all
devices in the network

Match |∆Vrequired| to the lookup table

Activate selected voltage control device

Figure 4.6: Flowchart of the proposed volt/var control method

4.3.3 Simulation and Results
Using the modified IEEE 13 node test feeder from Section 4.2.2.1, the network is
modelled in OpenDSS while the proposed volt/var control method is executed from
MATLAB R . OpenDSS runs the load flow and passes voltage, current and power
levels and control device status to the control algorithm in MATLAB R where the
processing is done to determine any necessary control actions. Then MATLAB R
sends the appropriate command back to OpenDSS. The load flow runs over a 24hour period with a varying load profile for every 15-minute intervals, starting at
midnight. The control device sensitivity lookup table is produced separately before
the load flow is run. For the test network, entries of the lookup table include all
steps of the switched capacitor bank and all PVs in the LV network. The voltage
at the ZS is set initally to 1.06 p.u. while the capacitor bank at the node 675 is
disconnected from the network.
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Figure 4.7: Load profile and PV profile
The minimum and maximum voltage limits in (4.18) for this test feeder are specified
to be -5% and +9% for the LV network side and ±9% for the MV network side which
is slightly stricter than the standard Australian voltage range [1]. This is to ensure
that voltage correction actions take place before the voltage level actually violates
statutory limits. Vwarn-min and Vwarn-max for LV network side are -4% and +8%
respectively, while Vwarn-min and Vwarn-max for MV network side are ±8%.
Figure 4.7 shows the varying load profile and the PV profile across the 24-hour
period. The load profile is obtained from a typical semi-rural distribution network
in New South Wales, Australia while the PV profile is a typical active power output
by a PV system on a sunny day. The load profile shown is in percentage of the
original peak loading condition while the PV profile is in percentage of the PV
inverter rating.
To verify the effectiveness of the proposed volt/var control method, the results are
compared to the results obtained using a conventional volt/var control where in
the MV network, the OLTC operates separately from the capacitor bank and do
not regulate the voltage in the LV network. As generally adopted by DNSPs, the
OLTC conventionally operates by changing the tap position when the voltage level
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Figure 4.8: Voltage profile using proposed control for the MV network at phase C
at the secondary side goes out of the allowed bandwidth, while the capacitor bank
operates when the reactive power measurement at its location goes outside specified
limits. In this case, PV systems in the LV network do not actively participate in
voltage regulation but only bounded by the default volt/watt droop as illustrated
in Figure 3.16..
Using the proposed volt/var control method, the voltage level across the network
remains within allowable ranges throughout the 24-hour period. The voltage level
on phase B is consistently the highest among three phases while the voltage level on
phase C is consistently the lowest among three phases due to the unbalanced loading
in the network. The volt/var control algorithm acts according to emergency signals
sent from phases B and C, consequently improving the voltage level across all three
phases. Figure 4.8 shows the voltage profile across the MV network at phase C,
where the voltage level is the lowest among all three phases while Figure 4.9 shows
the voltage profile across the LV network at phase B, where the voltage level is the
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Figure 4.9: Voltage profile using proposed control for the LV network at phase B
highest among all three phases. As seen from Figure 4.8, at the 35th interval, the
voltage at the node 611 drops below 0.91 p.u., triggering the emergency signal. The
volt/var control algorithm matches the required ∆V improvement to the lookup
table and selects a capacitor injection of 600 kVar into the network, raising the
voltage level to within the required limit.
From Figure 4.9, at the 55th interval with maximum PV penetration, the voltage
level at the node LV4 rises to 1.091 p.u. From the lookup table, the operation of
disconnecting the 600 kvar capacitor bank at the node 675 in the MV network is an
ideal option. With this operation, all PV inverters in the LV network can continue
injecting active power while the OLTC operation can be avoided. This highlights
the importance of a holistic volt/var control action which ensures that voltage levels across the entire distribution network are within limits while PV inverters are
operating at their full potential.
From Figures 4.7 and 4.8 at the 70th interval, as the load increases, the minimum
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Figure 4.10: Voltage profile using conventional method for the MV network at phase
C
voltage recorded drops to 0.9 p.u. at the node 611, resulting in a 600 kvar capacitor
swithing in to the network. However, as the load continues to increase, two subsequent tap change operations are required to bring the voltage level within allowable
limits.
In total, volt/var correction actions using the proposed method throughout the
24-hour period include three capacitor switchings and two tap change operations.
Additionally, all PV systems are allowed to inject maximum active power during
the 24-hour period.
Using the conventional method, the voltage level on phase B is consistently the
highest among three phases while the voltage level on phase C is consistently the
lowest among three phases throughout the simulation period, similar to the proposed
volt/var control method. Figure 4.10 shows the voltage profile on phase C across the
MV network while Figure 4.11 shows the voltage profile at phase B across the LV
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Figure 4.11: Voltage profile using conventional method for the LV network at phase
B
network using the conventional volt/var control method. As seen from Figure 4.10,
everytime the voltage level becomes closer to the maximum or minimum allowable
limits, the OLTC operates, bringing the voltage closer to 1.0 p.u. At the 76th
interval, due to the high load, the OLTC changes the tap position to give maximum
voltage of 1.1 p.u.
The capacitor bank operates independently from the OLTC, based on the kvar
measurement at the point of capacitor connection. At the 1st interval, the capacitor
switches on 300 kVar to reduce the lagging reactive power. When the load increases
at the 72nd interval, the capacitor switches on the remaining capacity to improve
the voltage profile. As the load decreases during the 80th interval, the capacitor
switches off a step to provide only 450 kVar of reactive power.
Since PV systems do not actively participate in voltage regulation, they are allowed
to inject as much active power as generated during the day. As seen from Figure 4.11,
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Figure 4.12: Comparative analysis between proposed and conventional volt/var control methods
the maximum voltage recorded is 1.098 p.u., which is very close to the maximum
allowable magnitude. In total, the number of tap changes during the 24-hour period
is four, with additional three capacitor switchings.
The voltage levels at the ZS (MV network) and node LV8 are close to the stipulated limits and prone to voltage violations. Accordingly, the comparative analysis
between the proposed volt/var control method and conventional volt/var control
method at the ZS and node LV8 for a typical day is depicted in Figure 4.12. As
seen, Figure 4.12 highlights improvements in the network performance as a result
of the proposed volt/var control method. Using the conventional method, in addition to voltage violations in both MV and LV networks, the total number of control
actions are more than that of using the proposed volt/var control. This shows that
independent consideration of MV and LV networks will limit the implementation
of volt/var control methods at local levels. Under the proposed volt/var control
method however, there is an improvement in voltage profile across the entire network with significantly less number of control actions.
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4.3.4 Conclusions
Based on the proposed analytical formulation, a volt/var control method suitable
for an integrated MV-LV distribution network is developed. The volt/var control
method takes into account the status of the entire combined network and perform
the optimal control decision when a corrective action is required. With this, any
foreseen voltage violations and redundant control actions can be avoided. Compared
to a conventional volt/var control method, the proposed volt/var control method
successfully improve the performance of the combined MV-LV network with less
control device operations.

4.4

Chapter Summary

This chapter presents a voltage regulation methodology for MV and LV networks
as a combined, network-wide problem. A analytical formulation is developed to
present MV and LV networks in a holistic manner, applicable for the development
of an efficient voltage regulation approach. The proposed analytical formulation is
versatile as it can include any type of voltage regulating devices in an interconnected
network as impedances and/or current injections. The analytical formulation is implemented on a modified IEEE 13 node test feeder and results obtained correspond
to those using load flow simulation with minimal computational errors. Based on the
developed analytical formulation, this chapter proposes an integrated volt/var control philosophy to perform voltage regulation in both MV and LV networks jointly.
In addition, the proposed volt/var control method regulates the tested distribution
network effectively while ensuring maximum active power injection through PV inverters. Comparative analysis between the proposed volt/var control method with
the conventional volt/var control method verifies that the proposed volt/var control
method can improve the voltage profile of the tested MV-LV distribution network
with minimum number of control operations. To demonstrate the importance and
efficiency of a holistic volt/var control method which caters MV and LV networks si-
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multaneously, the application of said volt/var control method on realistic and diverse
distribution networks are vital. Future work will explore different classes of distribution networks in Australia and the effects of a holistic volt/var control method
on them.

Chapter 5
Australian Distribution Network
Classification

5.1

Background

Distribution networks in Australia vary in multiple factors including the type of
cable, length, R/X ratio, kVA rating, load demand, load distribution and number
of customers. The length of distribution networks in Australia can vary from one
extreme to the other extreme, for example, a central business district (CBD) type
network may be less than 2 km long while a rural network can be up to thousands
of kilometres long. Correspondingly, other criteria of a network may be of stark
contrast to those of other networks.
DNSPs in Australia usually classify their networks based on reliability, which are
commonly known as CBD, urban, suburban, short rural and long rural types of networks. Distribution networks are classified using rudimentary criteria such as their
geographical locations, topology and number of customers. From the economic perspective of a DNSP, this practice may be adequate, especially when dealing with
contingencies as reliability is regulated using an incentive based approach [90]. However, from the perspective of voltage regulation, this classification may be inadequate
89
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as it does not cover the voltage requirements and issues that may be prevalent in
different distribution networks.
All DNSPs are required to adhere to certain voltage supply standards including
steady state voltage magnitudes and voltage unbalance levels regardless of the distribution networks types. However, different types of networks have different peculiarities, which subsequently affect their voltage requirements and the efficacy of
voltage regulation strategies implemented on them. A voltage regulation strategy
that has been successfully implemented on a CBD network may not necessarily be
effective on a long rural network if it is implemented without making necessary
changes.
To ensure that a voltage regulation strategy can be efficiently implemented on multiple types of network, all network peculiarities related to voltage regulation must be
studied and understood so as to adjust the voltage regulation strategy with respect
to the serviced network. Therefore, the classification of networks based on their
voltage regulation requirement is necessary to address this issue.

5.2

Distribution Network Classes in Australia

Currently, there is no national standard for classification of distribution networks.
Different DNSPs have different definitions and numbers of classification, however,
most of them rely on the reliability to classify their network as mentioned previously.
An example of distribution network classes is as follows [90]:
• CBD - a feeder supplying predominantly commercial, high-rise buildings, supplied by a predominantly underground distribution network containing significant interconnection and redundancy when compared to urban areas
• Urban - a feeder, which is not a CBD feeder, with actual maximum demand over the reporting period per total feeder route length greater than
0.3 MVA/km
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• Rural short - a feeder which is not a CBD or urban feeder with a total feeder
route length less than 200 km
• Rural long - a feeder which is not a CBD or urban feeder with a total feeder
route length greater than 200 km
As seen in the network classification from [90], networks are roughly classified based
on their geographical location, load demand and feeder length. These are mostly
used by DNSPs to monitor and manage the reliability of their networks. Reference [91] found a negative correlation between feeder length and System Average
Interruption Duration Index (SAIDI) and System Average Interruption Frequency
Index (SAIFI) performances; as feeder gets physically longer, the reliability typically
degrades. Another similar example of distribution network classes in Australia can
be found in [92].
Single-wire earth return (SWER) networks are common in Australia, where they
are used to serve customers who are geographically located far and sparsely from
the ZS. As the name suggest, SWER networks supplies runs on a single-phase and
the neutral is directly tied to the ground, making Earth as the conductor for return
path [93]. Reference [91] finds a direct relationship between network length and
reliance on SWER; as feeder length increases, the tendency of reliance on SWER
also increases. A SWER network in Queensland, Australia, can extend beyond
300 km to serve loads of around 100 kVA and 200 kVA [94]. The reason SWER is
appealing to network planning is mainly due to economic reasons as SWER networks
are cheaper to construct and maintain compared to full three-phase networks.
Among voltage issues associated with SWER networks are high losses due to large
line resistance and voltage rise during low load due to shunt effects. Because of
these, shunt reactors are considered as a viable solution for voltage issues in SWER
networks [95]. As SWER networks can extend for hundreds of kilometres on a
single-phase, they can introduce voltage unbalance in the main networks. Combined
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with the voltage issues, the study of SWER networks is further complicated by
the fact that they are highly dependant on the earthing and soil resistivity, which
changes with weather. Although there is a considerable number of SWER networks
in Australia, they are not included in this Thesis inasmuch as the study of SWER
networks deserves a more comprehensive research on its own [96].
In distribution networks, voltage drop, voltage rise and consequently voltage levels
along the distribution lines depend on various factors including:
i. Line lengths
ii. Network X/R ratio
iii. Underground cable or overhead conductors
iv. Load density
The longer the line section, the higher the line impedance hence the bigger voltage
drops along the line. Networks with long lines typically requires voltage boost by
either setting the tap changer at ZSs or DSs, installing voltage regulators or capacitor
banks along the feeders. These networks will also be susceptible to voltage rise
during high DG penetration and low load conditions.
Higher X/R ratio is usually observed in HV and MV networks while LV networks
typically have lower X/R ratio. Higher X/R rating indicates that the reactance component of the network is more predominant than the resistive component. Therefore,
reactive power can be transferred over a long distance, making volt/var control a
viable option. However, for more resistive LV network, volt/var control might not
work continually, and should be utilised in a smaller scale. This is also one of the
influencing factors to why capacitors are seldom used in LV networks.
Overhead conductors are mostly used in distribution networks as they are simpler
to install, more economical and easier to be modified whereas underground cable
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are more prevalent in CBD type networks where they are hidden from plain sight.
Underground cables are typically ‘stronger’ in which they have smaller impedance
due to larger cross sectional area. However, line capacitance in underground cables is more common compared to overhead conductors, which would affect voltage
regulation.
Networks with higher load density experiences higher voltage drops. Due to this,
these networks are usually designed shorter but equipped with transformers with
equivalent ratings as longer, less densely loaded networks to make up for the voltage
drops. Highly loaded networks are usually located around CBD or urban areas where
the population is high. These networks are also usually built using underground
cables.
Taking into account all of the factors that affect voltage regulation in a distribution
network, this Thesis classifies distribution networks into three different categories.
The following sections describe the proposed network classes and their respective
representative networks.

5.2.1 Proposed Classification of Distribution Networks
This Thesis proposes three different classification of MV networks; Network X, Network Y and Network Z, from the perspective of voltage regulation. The details of
each network is as follows:
i. Network X: Network length is less than 5 km with a loading of more than 1000
kVA/km
ii. Network Y: Network length is between 5 km and 50 km with a loading of less
than 1000 kVA/km
iii. Network Z: Network length is more than 50 km with a loading of less than 300
kVA/km
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Due to its length, Network X is considered to be ‘strong’ and rarely experience
voltage drops outside the minimum allowable limit. However, under high PV penetration, there is a risk of overvoltage in the connected LV networks, especially if
the network is constructed using underground cables due to their capacitive reactance.
Network Y usually experiences voltage drop towards the end of the feeder, especially
as the network becomes longer. With high PV penetration, this type of network
is susceptible to overvoltage situation, especially with conductors that have high
capacitance.
Network Z typically has voltage drop problems, especially at the end of the feeder.
Due to this, DNSPs in Australia usually set the off-load tap changer at the distribution transformers to produce high voltage to ensure that the voltage level is
still within range during peak load conditions. This is detrimental to the network
which has high PV penetration in the middle of the day during peak PV generation.
Adding to the problem, this network might experience Ferranti effect due to its long
length [97].
Network X is usually only equipped with voltage control devices at the ZS as their
short length does not require additional voltage support devices. Longer and highly
loaded Network Y might have voltage regulators and/or capacitor banks on the
distribution feeder, depending on the voltage situation that is usually observed on
the network. Network Z make frequent use of voltage regulators and/or capacitor
banks on the distribution feeders in addition to voltage control devices in the ZS to
make up for the voltage drops in the network [91].
To ensure the veracity of voltage regulation strategies on these networks, the peculiarities of each network class must be considered when implementing a strategy. For
example, before implementing a volt/var control strategy on a low X/R ratio network, the sensitivity of a lagging power factor operation of PV systems against active
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power curtailment must be studied. Which voltage control device takes precedence
depends on both the network and objectives of the control strategy. For example,
if reducing the number of tap change operation by the OLTC is one of the main
objectives of a volt/var control strategy, then other devices in the network take
precedence over the OLTC. However, multiple local control device operations can
be replaced by a single holistic action if the local control is deemed redundant. For
instance, if each voltage regulators in parallel feeders in Network Z is required to
operate to increase the network voltage level, then a sole operation of the OLTC at
the ZS can replace the operations of these voltage regulators.

5.3

Representative Networks for Each Class

This section presents the representative MV networks for each network class. These
representative networks are obtained from different DNSPs to study realistic distribution networks in Australia.

5.3.1 Network X
Figure 5.1 shows Network 1, the representative network for Network X. The total
length of this network is 2.2 km, which is constructed completely using underground
cables. The total number of buses is 18 and this network has a loading of 2.6
MVA/km. The only voltage control device in this network is the OLTC for the 25
MVA transformer at the ZS. Bus bar LV marked in Figure 5.1 shows the location
where an LV network is connected for simulation studies. Due to its short length,
voltage drop problem is not a major concern for this network, however this network
is susceptible to overvoltage during high PV penetration.

5.3.2 Network Y
Figure 5.2 shows the representative for Network Y, namely Network 2. This network
is constructed using a mix of overhead conductors and underground cables of a total
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Figure 5.1: Network 1
of 7.5 km. It has 86 buses and an average of 447 kVA/km load. This network
has a 25 MVA transformer at the ZS which is equipped with an OLTC. Bus bars
1 and 2 marked in Figure 5.2 show the locations where an LV section is connected
for simulation studies. This network experiences more voltage drops compared to
Network 1 due to its longer length. Similar to Network 1, this network is prone to
overvoltage during high DG exports.

5.3.3 Network Z
The representative for Network Z, namely Network 3, is depicted in Figure 5.3. This
network is constructed using a majority of overhead conductors for a total length of
143 km. This network has a total of 727 buses with an average load of 100 kVA/km.
It has a 25 MVA at the ZS which supplies six outgoing parallel feeders. The volt/var
control devices in this network includes one OLTC at the ZS and six three-phase
capacitor banks, which are located on each feeder as marked by the word ‘cap’ in
Figure 5.3. Bus bars 1 and show the locations where an LV network is connected for
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Figure 5.2: Network 2
simulation studies. Due to its long length, this network experiences severe voltage
drop issues, especially at the end of longer feeders. It also experiences extreme
voltage rise during high PV penetration and low load conditions.

5.3.4 Representative LV Networks
Traditionally, LV networks are not explicitly modelled as their HV and MV counterparts. In Australia, LV networks are designed using three-phase 4-wire system
in comparison to the three-wire system in HV and MV networks. Due to this and
the variable load connections in LV networks, they are most likely to have inherent
unbalance. DNSPs in Australia used to have low visibility of their LV networks,
having to rely on customer complaints to figure out voltage issues in their networks.
However, advanced metering structure (AMI) is becoming more popular, such as
in Victoria, where DNSPs are starting to be able to manage their networks better [98].
Modelling and classifying ‘typical’ LV networks is a challenging task as each can
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Table 5.1: Line lengths for LV network section
MV Network Class
X
Y
Z

LV Line Length (m)
Three-phase Single-phase
3
6
18
9
80
35

have unique characteristics that made it almost impossible to have a model that can
broadly reflect other LV networks accurately. Therefore, in this Thesis, LV networks
are not specifically classified, but modified from different realistic LV networks in
Australia to follow the trends of their MV counterparts.
Figure 5.4 shows a section of LV network starting at the DS. The LV section is
connected to marked bus bars in Figures 5.1, 5.2 and 5.3. This LV network is
modified from two different realistic LV networks in New South Wales, Australia.
The LV section contains two three-phase feeders from the LV side of the DS, LVDS ,
which branch into single-phase laterals to serve single-phase customers. The threephase line lengths and single-phase line lengths vary depending on the MV network
class connected before the DS as depicted in Table 5.1. The total aggregated load
at the DS is 300 kVA with 0.9 lagging power factor for uniformity.
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5.4

Case Studies for the Proposed Volt/Var Control Method
Considering Different Distribution Networks in Australia

5.4.1 Proposed Volt/Var Control Method
The volt/var control method is adopted from the proposed HVVC in Chapter 3.3
with some necessary amendments to the control philosophy. The HVVC method
aims to improve voltage regulation in a combined MV and LV network with the
least amount of tap change operations. Devices considered in the control method
are an OLTC at the ZS, a capacitor bank in the MV network, and PV inverters
with PV droop capability in the LV network. A capacitor switching will replace a
tap change if the reactive power measured at the measurement point violates the
established limit. At the same time, all PV inverters in an LV network will operate
at unity, leading or lagging power factor depending on the voltage measured at their
respective PCC.
Since voltage control devices in realistic networks vary, the proposed control method
in this Thesis will utilise devices for volt/var control based on their availability. If
there are any additional devices in the network, they will be considered as additional
steps to the volt/var control to achieve the aim of reducing the number of tap change
and improving voltage profile. For example, if there is a voltage regulator, it will
operate before the OLTC. On the other hand, if a device is unavailable, the control
method will make use of any other devices in the network. For example, if a network
is not equipped with a capacitor bank or any other device in the MV network, the
control method will only use the OLTC for voltage regulation.

5.4.2 Simulation and Results
For the case studies, each LV customer is equipped with a rooftop PV system. There
are five different network cases for simulation purposes, which are:
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Figure 5.5: Variation of PV penetration with different voltage at LVDS
1. Network 1
2. Network 2 with the LV section at 1
3. Network 2 with the LV section at 2
4. Network 3 with the LV section at 1
5. Network 3 with the LV section at 2

5.4.2.1 Effects of PV Penetration in Different Network Types
To demonstrate the relationship between tap position at the DS and the maximum
PV penetration in LV network for different network types, balanced distribution of
LV load and PV injection for all phases are assumed. Figure 5.5 shows that with
increasing voltage at the LV side of the DS, less PV injection can be accommodated
at the LV network. As the network gets longer, the maximum allowable PV penetration before voltage violation happens decreases. In addition, more PV systems
can be accommodated at the end of a network compared to the start of the same
network.
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Table 5.2: Distribution of load and PV injection for each phase
Phase
A
B
C
Load (kVA) 15
10
12.5
Load (pf)
0.85 0.95 0.9
PV (kW)
6.25 18.75 12.5
Criteria
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Figure 5.6: Load profile and PV profile

5.4.2.2 HVVC on Different Network Classes
To validate the efficiency of the proposed HVVC method on different types of network, unbalanced distribution of load and PV injection from Table 5.2 is applied
on all network cases. The off-load tap changer at the DS is set to 1.06 p.u. and
the maximum PV injection is set to 200%. The simulation runs over 24-hour period
with varying load and PV profiles as shown in Figure 5.6. The results are presented
at every 5 minute interval of the simulation time.
To demonstrate the efficiency of the control method, the case scenario that shows the
worst performance before HVVC is applied, which is Case 5, will be shown in detail.
Figure 5.7 shows the voltage level at LVDS and LV4 for all three phases before the
proposed control is applied on the network. In this case, the voltage control available
in the network is the conventional tap change operation at the ZS and a localised
capacitor control. All PV inverters have the default volt/watt control as required
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Figure 5.7: Voltage at LVDS and LV4 before HVVC is applied
by AS 4777.2 [45]. As seen from Figure 5.7, due to high PV penetration, the voltage
level on phases B and C violate the maximum voltage limit of 1.1 p.u. specified by
AS 60038 [1]. On the other hand, due to high load, the voltage on Phase A drops
to 0.935 p.u., which is less than the minimum allowable limit, at the 239th interval.
The number of tap changes at the ZS is three, with one capacitor switching for each
capacitor on the MV feeders.
After implementing the proposed volt/var control method, PV inverters on phases B
and C operate at a lagging power factor and subsequently curtail their PV injection
to prevent overvoltage. Meanwhile, PV inverters on phase A are still able to inject
200% active power in to the network. The maximum voltage at the LV network is
reduced to 1.096 p.u. on both phases B and C as shown in Figure 5.8. The number
of tap changes is reduced to three, with an additional capacitor switching to replace
the tap change operation.
Figure 5.9 shows the voltage profile on phase A at Feeder 1. As shown in Figure 5.9,
the voltage level drops during peak load, with the minimum recorded voltage being
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Figure 5.8: Voltage at LVDS and LV4 after HVVC is applied
0.948 p.u. Due to voltage drops in the entire MV network during peak load, the
OLTC operates to increase the voltage level at the 238th interval. One thing to
note is that when the PV inverters become unavailable, the volt/var control method
relies on control devices in the MV network only. Since the voltage level in the MV
network is already within acceptable ranges, volt/var devices in the network remain
inactive. Therefore, there has not been much improvement to the minimum voltage
recorded on Phase A of the LV network during peak load. In this case, the approach
usually taken by DNSPs is to set the voltage at the DS transformer to a higher
level.
In general, voltage profiles in MV and LV network for all five cases has improved
with the utilisation of the proposed HVVC. For Cases 4 and 5, the number of
tap change operation at the ZS also reduces. The results obtained for MV network
before and after implementing the proposed volt/var control method are of negligible
differences, therefore, they are presented in the summary of results in Table 5.3.
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Figure 5.9: Voltage at Feeder 1 after HVVC is applied
Table 5.3: Summary of Results
Criteria
MV
Minimum voltage (p.u.)
LV
MV
Maximum voltage (p.u.)
LV
Maximum PV penetration (200%)
Number of tap change operation

1
Before
1.016
1.061
1.027
1.118
200
0

2
After Before After
1.016 0.955 0.955
1.061 1.037 1.037
1.027 1.042 1.042
1.094 1.156 1.098
149
200
200
0
2
2

Case
3
4
5
Before After Before After Before After
0.951 0.951 0.952 0.958 0.958 0.948
0.945 0.945 1.013 0.997 0.935 0.921
1.042 1.042 1.040 1.028 1.040 1.041
1.162 1.097 1.173 1.096 1.187 1.096
200
200
200
176
200
200
2
2
2
0
3
2

5.4.2.3 Conclusions
This section proposes a volt/var control method that is applicable on a combined
MV and LV network which aims to improve the voltage profile in both networks
whilst reducing the number of tap change operation at the ZS. The proposed control
method is tested on different types of realistic distribution network in Australia to
demonstrate its universal applicability. Simulation results prove that the proposed
method successfully improves the voltage profile on tested networks in comparison
to using a conventional volt/var control method which takes place in the MV network only. Due to unavailability of PV inverters at night when periods of peak
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load generally occur, the capability of proposed volt/var control is limited. Future
work which includes four quadrants PV inverter operation with support from energy
storage can be explored to overcome this limitation.

5.5

Chapter Summary

This chapter presents a general classification of distribution MV networks in Australia from the perspective of voltage regulation. The network peculiarities that
affect voltage regulation are considered, and subsequently, three different network
classes are proposed. Each class is represented with an example network, which has
been modelled from realistic Australian distribution networks. The voltage issues in
each network are explained and volt/var devices available in the network are listed.
Subsequently, an LV network section is added to each representative network. The
LV network is modified from different LV networks in Australia, and the length of
the LV network section is modified based on their MV network counterparts. Several
case studies to verify challenges that each MV-LV network has on voltage regulation
are carried out and a holistic volt/var control method is proposed as a solution. In
general, the proposed HVVC improves the performance of each network in all case
studies. To further improve the veracity of the control method, future work can
focus on non-unity power factor operation of PV systems at all times. This will help
to reduce the shortfall due to active power curtailment and also help in volt/var
control when PV systems are not exporting any real power.

Chapter 6
Integrated Volt/Var Control in
Active Distribution Networks

6.1

Introduction

Inverters are versatile voltage regulation devices as they are capable of supplying
and drawing reactive power simply by changing the phase shift between the voltage
and current. Such an ability can be used for localised voltage support, especially
during high PV penetration and high load demand in LV networks. The revision
of Australian standard for PV inverter requirements in AS 4777.2 has included the
addition of volt/var control capability for PV inverters in distribution networks [45].
Though the volt/var control function should be available, its operation for voltage
support is yet to be made compulsory.
The theoretical formulation and volt/var control methods proposed earlier in this
Thesis have remained within a maximum of 0.95 leading and lagging power factor
operation of PV inverters. Nonetheless, when the volt/var functionality of PV inverters is available, the inverters should be utilised to their full potential. This can
not only help to improve voltage regulation, but also benefit PV owners by allowing
more active power injection.
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This chapter discusses the development of an integrated volt/var control strategy
in distribution networks. Non-unity power factor operation of PV inverters not
bounded by AS 4777.2 will mainly be considered in this chapter. Active participation
of PV inverters in voltage regulation when they are not generating active power will
also be taken into account with the presumption that the inverters are capable of
operating at full range of power factor conditions. Similar to Chapters 4 and 5, the
volt/var control strategy is proposed considering a combined MV-LV network.

6.2

Proposed Integrated Volt/Var Control in Active Distribution Networks

The operation of residential PV inverters in Australia is restricted to a power factor
of 0.95 leading or lagging for a number of reasons including the possibility of negative
interaction between multiple PV inverters in close proximity and lack of efficient
market strategies for reactive power. Nevertheless, if these concerns are properly
addressed, the operation of PV inverters at non-unity power factor might bring more
advantages than disadvantages to both DNSPs and customers.
When PV systems are generating a significant amount of active power during low
load conditions, some active power might have to be curtailed due to voltage constraints. This is especially true in cases where solar PV panels are oversized to
gain the maximum benefit of PV system installations [99]. This is undesirable as
PV owners cannot get as much revenue from their investments. However, when
PV inverters draw reactive power, this will help to reduce the voltage level at their
PCCs, consequently allowing proportional active power to be injected, subject to
the capacity of those inverters.
DNSPs are responsible in maintaining acceptable power factors in their networks.
Accordingly, they are required to invest in reactive power devices such as capacitor
banks and DSTATCOMs. This investment along with the maintenance of var devices
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can be lowered when customer-owned PV systems are allowed to actively correct
the power factor in accordance to specific DNSP requirements. In a nutshell, the
collective operation of PV systems to actively regulate voltage and power factor can
benefit the customers and DNSPs.
With the focus on devising a practical volt/var control strategy that will be applicable for a holistic distribution network, this section describes the associated analytical
formulation. This is a continuation from the analytical formulation proposed in Section 4.2.

6.2.1 Integrated Volt/Var Control Formulation
Based on the analytical formulation described in Chapter 4, this section extends
the formulation to consider a compensation-based volt/var control strategy. This
formulation considers all available volt/var devices in a network such as OLTCs,
capacitor banks and PV inverters.
As depicted in Figure 4.2, when the voltage at bus i, Vi , violates the pre-set voltage
limit, a new target voltage, Vtarget , which is within the allowable range will be set.
The difference between these two voltages, ∆Vimp , will be:

∆Vimp = Vtarget − Vi

(6.1)

To achieve Vtarget , the corresponding current injection required, Iimp , is:

−1
Iimp = ZZS,PCC
∆Vimp

(6.2)

where ZZS,PCC is the matrix of line impedance from the ZS to the PCC between bus
i and the volt/var device location.
Assuming that all other current injections remain the same, the new total current
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injection at the bus i, Iinew , is:

Iinew = Ii − Iimp

(6.3)

Using Iinew , the new ∆V at bus i can be calculated using equation (4.10). The
approximate new voltage at bus i, Vinew , will be:

Vinew = VZS − ∆Vi

(6.4)

Using the values of Vinew and Iimp , the rating, Sdevice , of the volt/var device required
to correct the voltage level is:

∗
Sdevice = Vinew Iimp

(6.5)

Sdevice consists of the values of active and reactive power injections required at the
volt/var device bus to achieve Vtarget at bus i.
If the volt/var device provides or draws only reactive power, the angle of required
current injection, Iimp , at the device bus must be close to ± 90◦ . For example, when
calculating how much capacitive current should be injected to increase the voltage
in a network, the angle of Iimp must be close to -90◦ . If the calculated angle of Iimp
is bigger than this, the angle of Vtarget must be reduced, whereas if the calculated
angle of Iimp is smaller than -90◦ , the angle of Vtarget must be increased.
When doing the calculations for phases B and C, the angle of Iimp can be moved
to the same quadrant as phase A by multiplying the current phasor by 1∠120◦ and
1∠-120◦ respectively (considering phase A as the reference). With this, the angle
of Iimp can be compared to ± 90◦ as expected from a purely inductive or capacitive
load.
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6.2.2 Development of Integrated Volt/Var Control Methodology
The integrated volt/var control formulation described in Section 6.2.1 is applied using the developed IVVC, HVVC and volt/var control strategies proposed in Chapters 3, 4 and 5. This formulation is used to derive a compensation-based volt/var
control strategy in a combined MV-LV distribution networks. This volt/var control
strategy considers all available volt/var devices in the network as well as non-unity
power factor operation of PV inverters.
Using the proposed volt/var control strategy, PV inverters will be used at night (i.e.
when PV systems are not generating any active power) to provide reactive power
for local voltage support. This is in order to relieve the network capacity to meet
the peak load demand.
The volt/var control algorithm continuously monitors voltage magnitudes across the
entire network. When the voltage level at a bus violates the specified limit as shown
in (4.18), the control algorithm finds how many volt/var devices are available to carry
out the corrective action. Then the control algorithm calculates how much Iimp and
subsequent Sdevice are required to correct the voltage level. When only reactive power
is demanded by the volt/var device to regulate the voltage level, the corresponding
Iimp must have either +90◦ or -90◦ angle. In this case, the control algorithm will
run for multiple iterations using new angle for Vtarget until a satisfactory angle for
Iimp is achieved.
In addition, these following approaches are adopted for capacitor and PV inverter
operations:
1. Capacitor operation
The control algorithm calculates the amount of reactive power required to
bring the voltage level closer to 1 p.u. The calculated reactive power is then
rounded to a whole number and the closest switching position of the capacitor
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will be selected, if available. Otherwise, a tap change operation will be carried
out.
2. PV inverter operation
To reduce the voltage level during high PV penetration, the control algorithm
will start by calculating the amount of reactive power required to be drawn
from the network. If this is not possible, then the algorithm will calculate
the amount of active power to be curtailed and reactive power to be drawn
at the same time. On the other hand, to raise the voltage level when active
power generation is unavailable, the control algorithm will calculate how much
reactive power is required.
In this control algorithm, the lower and upper voltage limits (Vminimum and Vmaximum )
for LV networks are set to 0.95 p.u. and 1.09 p.u. respectively to ensure that the
voltage level across the entire network does not stray outside the established limits
in Australian standard AS 60038 [1]. The voltage limits for MV networks are set to
± 9% of 1 p.u. Similar to (4.18), the control algorithm continuously checks if any
voltage level violates Vwarn-min and Vwarn-max to ensure that the selected corrective
action will not exacerbate the voltage level across the entire network. Vwarn-min and
Vwarn-max for LV networks are set to 0.96 p.u. and 1.08 p.u. respectively and ± 8%
for MV networks.
The control algorithm will cap PV system injection during peak PV penetration to
avoid overvoltage situation. This is determined using Sdevice , calculated using (6.5).
For example, when the voltage level at bus i violates the maximum voltage limit,
Vmaximum , the control algorithm calculates Sdevice required to correct the voltage level.
In this case, Sdevice refers to apparent power required by the PV system at bus i.
The total PV system injection, Si,Pnew , calculated using (6.6) will be set as the new
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maximum acceptable PV system output.

Si,Pnew = Si,P − Sdevice

(6.6)

More active power injection will not be allowed unless more reactive power can be
drawn, as restricted by the PV inverter capacity, to ensure that overvoltage situations can be prevented. This also ensures no voltage excursions will happen when PV
systems try to reinject full active power generation after the voltage level has been
corrected. The control algorithm will recalculate Sdevice when a significant change
in voltage level is observed. With this, more active power injection will be allowed
once a significant increase in load demand happens. Using the proposed volt/var
control strategy, the operating power factor of the PV systems is not restricted by
the standard AS 4777.2 [45], however it is governed by the calculated Sdevice and
size of PV inverters.
When there are several volt/var devices, hence multiple possibilities of volt/var control actions, the control algorithm will select a device operation based on hierarchical
priorities as follows:
1. The voltage level across the entire network must be within allowable limits.
2. The number of tap change operation by the OLTC is minimised.
3. The active power injection from PV systems is maximised.
4. The number of consecutive device operation is minimised.
The control algorithm will initially select a local device operation that will improve
the voltage level at the target bus. However, if a single integrated action can improve
the voltage level at multiple buses, this action will be selected instead of multiple,
localised device operations. Any device operation that will correct the voltage level
at a bus while deteriorating the voltage level at other buses will be avoided. For
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Figure 6.1: Flowchart of the proposed volt/var control method
example, if there is a voltage rise in the LV network at the same time as a voltage
drop in the MV network, the best course of action will be selected based on the
hierarchical priorities and device availabilities.
Figure 6.1 summarises the proposed volt/var control strategy. Based on the calculation of Sdevice , adequate amount of injection to compensate for the voltage drop or
rise in a network can be found. With this, excessive compensation can be avoided
and optimal operation of volt/var devices can be achieved. The hierarchical conditions for the volt/var control can be customised based on DNSPs and specific networks. With this, volt/var control operations that best suited a particular DNSP
or distribution network can be prioritised.
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6.2.3 Simulation and Results
The proposed volt/var control is applied on the three representative networks (Network 1, Network 2 and Network 3) introduced in Chapter 5. The representative
networks are modelled in OpenDSS while the proposed volt/var control algorithm is
executed from MATLAB R . The simulation is run for a 24-hour period in which the
load and PV profiles vary. The load and PV profiles used for this simulation have
the same shape as shown in Figure 5.6. All other network conditions such as the
tap positions at the ZS and DS, connected loads and PV systems across the network
are the same as in Section 5.4.2.2. To reiterate, below are the network conditions
for all three representative networks:
• The off-load tap changer at the DS is set to 1.06 p.u.
• The OLTC at the ZS is initially set to 1.03 p.u.
• Each LV customer is equipped with a PV system.
• The distribution of load and PV system across each phase is depicted in Table 5.2.
• The PV penetration is set to 200% of the PV system distribution.
Subsequent simulation results are presented in 5-minute intervals of the simulation
period for clarity. To verify the effectiveness of the proposed volt/var control strategy, the results obtained will be compared to those using HVVC in Section 5.4.2.2.
The results obtained for Cases 1 to 4 are described briefly whereas more detailed
explanations are given for Case 5.
1. Case 1
Compared to results obtained using HVVC in Chapter 5, this proposed volt/var
control strategy operates one tap change at the beginning of simulation. This
is to reduce the voltage level in the MV network closer to 1 p.u. The minimum
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voltages for LV and MV networks are 1.045 p.u. and 1 p.u. respectively while
the maximum voltages for LV and MV networks are 1.091 p.u. and 1.025 p.u.
respectively. This brings the overall voltage level using this proposed control
within a smaller variance to 1 p.u. In contrast to using HVVC, the maximum
PV penetration recorded is 200%, which is made possible by the tap operation
at the beginning of the simulation.
2. Case 2
Using the proposed volt/var control strategy, the number of tap change remains at two. The minimum voltages for LV and MV networks show negligible improvements from those using HVVC. The maximum voltage for MV
network remains at 1.042 p.u. while the maximum voltage for LV network is
reduced to 1.094 p.u. This is due to the reduction of maximum allowable PV
penetration to 176%. Similar to Case 1, the voltage level across the entire
network using this proposed control strategy is within a smaller variance to 1
p.u.
3. Case 3
Using the proposed control strategy, the number of tap change is reduced to
one. In this case, the only significant difference in extreme recorded voltage
is the maximum voltage in LV network, which has been reduced to 1.089 p.u.
The minimum voltage in LV network and the extreme voltages in MV network
do not show significant improvement from HVVC in Section 5.4.2.2. Similar
to using HVVC, the maximum PV penetration is 200%.
4. Case 4
Compared to using HVVC, the proposed volt/var strategy operates one tap
change to increase the voltage level during peak load. This brings the minimum
voltages in LV and MV networks to 1.011 p.u. and 0.948 p.u. respectively.
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The maximum voltages in LV and MV networks are 1.093 p.u. and 1.042
p.u. respectively. In this case, the voltage level in MV network is within a
wider variance compared to using HVVC in Section 5.4.2.2. This is due to
corrective actions taking place at a later interval compared to the capacitor
switching operations in Section 5.4.2.2. The extra tap operation also increases
the maximum recorded voltage in the MV network compared to that using
HVVC. On the other hand, the voltage level in the LV network is kept within
a closer band to 1 p.u. compared to that using HVVC. Additionally, due to
non-unity power factor operation, the maximum allowable PV penetration is
increased to 200%. In this case, PV systems on phases B and C are operating
at lagging power factor while injecting a capped active power, whereas PV
systems on phase A are drawing reactive power, allowing more active power
penetration compared to using HVVC.
5. Case 5
With the proposed volt/var control strategy, PV systems on phases B and C
are operating at a capped active power while drawing reactive power whereas
PV systems on phase A are injecting full PV generation. The maximum
voltage in the LV network is reduced to 1.09 p.u. as illustrated in Figure 6.2.
In addition, due to the voltage drop during peak load, PV systems on phases
A and C start injecting reactive power, giving a required voltage boost to local
buses. Accordingly, the minimum recorded voltage in LV network is increased
to 0.946 p.u. as seen in Figure 6.2.
Figure 6.2 shows the voltage profile on phase A at Feeder 1. As seen in
Figure 6.2, the voltage drop increases with the increasing load demand. Due to
this, the capacitor at four of the six distribution feeders switch in to respective
feeders at the 211th interval to replace a tap change. The capacitors in the
remaining two feeders do not switch in as their voltage levels are still within the
acceptable range. However, due to further voltage drop, the OLTC operates
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Figure 6.2: Voltage at LVDS and LV4 using the proposed volt/var control strategy
to increase the voltage level across the entire network at the 226th interval.
The minimum and maximum recorded voltages in the MV network are 0.948
p.u. and 1.042 p.u. respectively.
Using the proposed volt/var control strategy, the number of tap change operation performed by the OLTC at the ZS is reduced to one. The difference is
due to the lack of stepping down operation once the load demand decreases after the 270th interval. However, similar to HVVC, capacitor switching in MV
feeders takes place to replace an additional tap change when compared to using
the traditional voltage regulation method as demonstrated in Section 5.4.2.2.
While the voltage profile in the MV network shows negligible differences from
that obtained using HVVC, the voltage profile in the LV network improves
significantly with the proposed volt/var control. This is mainly due to the
non-unity power factor operation of PV systems during periods of increasing
PV penetration and load.
Table 6.1 summarises the main results from all five cases. In general, the implemen-
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Figure 6.3: Voltage at Feeder 1 using the proposed volt/var control strategy

Table 6.1: Summary of Results
Criteria
MV
Minimum voltage (p.u.)
LV
MV
Maximum voltage (p.u.)
LV
Maximum PV penetration (200%)
Number of tap change operation

1
1.000
1.045
1.025
1.091
200
1

2
0.955
1.037
1.042
1.094
176
2

Case
3
0.954
0.945
1.042
1.089
200
1

4
0.948
1.011
1.042
1.093
200
1

5
0.948
0.946
1.042
1.090
200
1
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tation of the proposed volt/var control strategy on all representative networks has
improved the voltage profiles in the combined network, particularly in LV networks.
Interestingly, the calculated Sdevice for PV systems yields power factors that do not
violate 0.95 lagging during high PV penetration. Nevertheless, PV systems keep
drawing reactive power while operating at a capped injection instead of curtailing
active power at a unity power factor. This proves to be beneficial as the PV systems are allowed to inject more active power when compared to using HVVC. In
addition, in contrast to the droop curve method employed by HVVC, the proposed
volt/var control strategy calculates the adequate amount of active power and reactive power injection required to improve the voltage level at affected buses. Hence,
the collective PV system operation in the LV network can efficiently achieve said
objective.
One thing to note, during the simulation, the maximum allowable PV system injection is not recalculated as no significant voltage drop is observed. Therefore, the
total allowable injection for associated PV systems remains the same after it is first
established during the simulation period.
One of the major improvements of the proposed volt/var control strategy is the
increased voltage level during peak load period when PV systems are not generating
active power. This is demonstrated in Case 5 (as illustrated by Figures 5.7, 5.8
and 6.2) where the voltage drop experienced at bus LV4 is the highest since it is
geographically and electrically farthest from the ZS. In Chapter 5, the HVVC cannot
regulate the voltage during this period and has to rely on the manual operation of
off-load tap changer at the DS to improve the voltage level, as usually practised
by DNSPs. However, due to the non-unity power factor operation of PV systems
at all times, this limitation can be overcome. This is not only beneficial to the
network by helping to improve the voltage profile, but this approach can also relieve
the network capacity by providing the necessary reactive power. If reactive power
support is fully and efficiently utilised during peak load, the off-load tap changer at
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the DS can be set to produce a lower voltage. This in turn will allow more active
power to be imported by PV systems during the day.
Compared to using HVVC, the number of tap change operation is reduced for Cases
3 and 5, increased for Cases 1 and 4 and remains the same for Case 2. The implementation of the proposed volt/var control has definitely reduced the number of
tap change operations in comparison to using a traditional volt/var control method,
however it has not certainly reduced the number of tap change operations when
compared to that using HVVC.

6.3

Chapter Summary

This chapter presented the analytical formulation for a compensation-based volt/var
control strategy, which is a continuation from the analytical formulation presented
in Chapter 4. The formulation is used to derive a practical integrated volt/var control method that is applicable on combined MV-LV distribution networks. In this
chapter, PV systems are considered to be operational at different power factor conditions. The pragmatic approach of the proposed volt/var control strategy makes it
easily usable and customisable on different types of network. The proposed volt/var
control strategy is tested on three different realistic Australian distribution networks
in order to verify its veracity. Results obtained using the proposed volt/var control
strategy are compared to those using HVVC in Chapter 5. In general, the proposed
volt/var control strategy has effectively improved the voltage profile across the tested
combined MV-LV networks while increasing the maximum allowable PV penetration. The number of tap change operation has definitely reduced when compared
to using a traditional volt/var control method, however it does not show significant
improvements compared to using HVVC.
All proposed volt/var control methods hitherto focus on improving the voltage profile
in a network while reducing the number of tap change operation performed by
the OLTC. Nevertheless, the steady state voltage supply is also bounded by other
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power quality aspects as dictated by Australian standards. Future work will consider
voltage regulation using volt/var control method whilst addressing voltage unbalance
at the same time. Therefore, this will ensure that modern distribution networks can
seamlessly operate without violating stipulated limits for voltage level and voltage
unbalance.

Chapter 7
Integrated Volt/Var Control for
Voltage Regulation and Voltage
Unbalance Reduction

7.1

Introduction

Voltage unbalance in electricity networks can be defined differently according to
various sources in literature. NEMA and IEEE summarises voltage unbalance as the
difference in magnitudes of three phase voltages and/or phase angle displacement
while IEC describes voltage unbalance in relation to the sequence components [100].
Whichever definition adopted to describe voltage unbalance, the associated impacts
on distribution networks are equally as undesirable. An excessive level of voltage
unbalance can be detrimental to induction motors, transformers and variable speed
drive systems [101, 102].
Due to its inherent nature, voltage unbalance cannot be completely eliminated from
distribution networks, however it can be kept under control with proper mitigation
strategies. Mitigation strategies for voltage unbalance include load balancing, redistribution of single-phase loads and the use of single-phase devices such as regulators
123
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and DSTATCOMs [101]. This chapter addresses the latter strategy, which is utilising single-phase volt/var devices available in the network to simultaneously regulate
voltage and reduce voltage unbalance.

7.2

Voltage Unbalance in Distribution Networks

In addition to maintaining the steady state voltage magnitude in distribution networks, DNSPs are also responsible to ensure that the voltage unbalance level is
regulated. According to Australian standard AS 61000.2.2, the long-term voltage
unbalance level must not be more than 2% or 3% in areas where large connections
of single-phase loads is allowed [15]. This standard specifies voltage unbalance factor (VUF) as the ratio of negative sequence component to the positive sequence
component, as described by (7.1).

%VUF =

negative sequence voltage
× 100
positive sequence voltage

(7.1)

According to IEEE, phase voltage unbalance ratio (PVUR), shown in (7.2), can be
defined as the maximum deviation of phase voltage from the average three-phase
voltage.

% PVUR =

max deviation from average phase voltage
× 100
average phase voltage

(7.2)

On the other hand, NEMA defines voltage unbalance as line voltage unbalance rate
(LVUR), which is given by (7.3).

% LVUR =

max deviation from average line voltage
× 100
average line voltage

(7.3)

Voltage unbalance is generally a concern more in LV networks compared to HV and
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MV networks. While HV transmission cables are transposed to keep an approximately equal line impedance, thereby minimising voltage unbalance, LV conductors
are usually shorter, thus untransposed. In addition, while electricity is distributed
through three-wire cables in MV networks, LV distribution networks to Australia
are connected in a three-phase, four-wire system, where one extra wire carries the
neutral current.
Loads connected in LV networks can be a mix of single-phase, two-phase or threephase, which contributes to more complexity of LV networks. Though DNSPs endeavour to distribute loads equally across all phases, load demands are irregular and
rely heavily on weather, season and time of the day. Adding this together with the
aforementioned network structure, some level of inherent voltage unbalance in LV
networks is inevitable.
The proliferation of PV system installation in distribution networks can worsen
voltage unbalance in LV networks, especially with unequal distribution of singlephase rooftop PV systems. PV penetration is highly stochastic in nature, rendering
load and PV rebalancing impractical. Though PV systems may exacerbate voltage
unbalance, with appropriate strategies, these systems can be utilised effectively to
counteract the negative impact.
The literature review in Chapter 2 has shown that volt/var devices and control
methods can intentionally or unintentionally reduce voltage unbalance. To demonstrate the potential of a comprehensive volt/var control method in successfully performing voltage regulation while reducing voltage unbalance in a combined MV-LV
network, the following section presents case studies related to the implementation
of the proposed volt/var control method which aims to deal with the two aforesaid
issues.
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7.3

Case Studies to Demonstrate Effectiveness of the Proposed Volt/Var Control Method for Voltage Regulation
and Voltage Unbalance Reduction

This section describes the development of the proposed HVVC with reference to
Chapters 3 and 5 to tackle voltage unbalance level while performing voltage regulation.

7.3.1 Development of HVVC to Include Voltage Unbalance Reduction Strategy
The proposed HVVC from Chapters 3 and 5 aims to improve the voltage profile along
combined MV-LV networks while utilising available control devices in an efficient
manner. The proposed HVVC is designed to minimise the number of tap change
operation at the ZS whilst maximising active power penetration from PV systems
in the LV network.
The control algorithm for HVVC is based on a feedback control approach, which
continuously monitors the voltage and reactive power level across the entire network.
When necessary, the voltage and reactive power level in the network is corrected
using available volt/var devices such as an OLTC, capacitor banks and PV systems.
PV systems in the LV network operate at either unity, lagging or leading power
factor based on the voltage measured at their PCC. The power factor for PV system
operation is limited to 0.95 leading/lagging, and is determined by a set of piecewise
equations shown in (3.2).
The proposed HVVC is modified to include voltage unbalance reduction as one of
the aims. Although there are different definitions of voltage unbalance in a distribution network, the proposed modified HVVC adopts the definition from Australian
standard as described by (7.1). In the proposed volt/var control method, all singlephase PV systems in the LV network contribute to the voltage unbalance reduction
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scheme.
In addition to the voltage and reactive power levels, the control algorithm continuously monitors the VUF level in the LV network. When the VUF level violates a
pre-set limit, the voltage unbalance reduction scheme will determine which phase
voltage(s) are to be corrected based on the following cases:
1. In the case of (7.4), only one or two phase voltages will be corrected.

V U F1 ≤ V U F < V U F2

(7.4)

The average phase voltage, Vavg , is calculated using (7.5) and the maximum
phase voltage deviation from Vavg is determined.

Vavg =

VA + VB + VC
3

(7.5)

The difference between the voltage on the phase in which the maximum voltage
deviation occurs, Vphase , and the float voltage level, Vf , of 1 p.u. is established
using (7.6) and the difference between Vavg and Vf is established using (7.7).

dVphase = |Vphase − Vf |

(7.6)

dVavg = |Vavg − Vf |

(7.7)

When dVphase is greater than dVavg , the phase voltage Vphase will be corrected,
whereas when dVphase is less than dVavg , the voltage on the other two phases
will be corrected. Once the phase voltage(s) to be corrected is determined,
the control system dispatches a command to corresponding PV inverter droop
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controllers as explained in Section 3.3.1.1, to regulate the voltages closer to
Vf .
2. In the case of (7.8), the voltage on all three phases will be corrected to be
closer to Vavg , as long as they are within the steady state voltage limits. The
VUF reduction will not take place if it would exacerbate voltage regulation of
the network.

V U F ≥ V U F2

(7.8)

V U F1 and V U F2 are decided based on the network configuration and the inherent
voltage unbalance. In the proposed modified HVVC method, V U F1 and V U F2 are
stipulated at 1.5% and 1.8% to ensure that the voltage unbalance present is below
the maximum allowable VUF of 2% as defined by AS 61000.2.2 [15].
When a corrective action for voltage regulation purposes is opposing the inverter
action for voltage unbalance reduction scheme, the main HVVC control algorithm
sends a signal to the PV droop control to operate at the power factor limit and/or
start curtailing active power output. As an operational example, when the voltage
unbalance reduction scheme reports that the voltage on phase B needs to be reduced
closer to Vf while a voltage step up operation from the OLTC is required, then the
main HVVC issues a signal to PV inverter droop control to start operating at a
power factor of 0.95 lagging and start curtailing the active power output.

7.3.2 Application of the Proposed Modified HVVC on Australian
Distribution Networks
The proposed modified HVVC is applied on three representative networks (Network
1, Network 2 and Network 3) introduced in Chapter 5. Since Network 1 is the
shortest, the level of inherent voltage unbalance is not as concerning as the other
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Table 7.1: Maximum VUF using traditional volt/var control method
Criteria Maximum VUF
Case 1
1.19
Case 2
2.16
Case 3
2.61
Case 4
2.95
Case 5
4.00
two representative networks. On the other hand, the long length of Network 3 makes
it more vulnerable to have high level of inherent voltage unbalance.
Similar to Chapter 5, five different cases are simulated. The simulation details are
the same as in Section 5.4.2.2. The VUF levels in the LV network section before and
after the proposed modified HVVC is applied are compared to verify the effectiveness
of the proposed modified HVVC in reducing voltage unbalance level.
Without the proposed modified HVVC, the only control method available in the
tested networks is a localised volt/var control method which uses a conventional tap
change operation at the ZS and capacitor banks on the MV feeders, if available. PV
inverters in the LV network have default volt/watt control requirement as specified
by AS 4777.2, which is illustrated in Figure 3.16.
Table 7.1 lists the maximum VUF level for all five simulation cases using the traditional volt/var control method. For all cases, the maximum VUF level is reached
during high PV penetration. Since this control method does not have any strategy
in place to reduce the voltage unbalance, the maximum level of VUF in some cases
unsurprisingly violates the limit established in Australian standard. As shown in
Table 7.1, as the network length increases, the maximum recorded VUF level also
increases.
Table 7.2 lists the maximum VUF level for all five simulation cases using the proposed modified HVVC. In general, with the proposed modified HVVC in place, the
VUF level for all cases drops to less than 2%. For case 1, although the initial
VUF level is not at a concerning level, due to volt/var control actions to reduce
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Table 7.2: Maximum VUF using the proposed modified HVVC method
Criteria Maximum VUF
Case 1
0.35
Case 2
0.87
Case 3
1.62
Case 4
1.28
Case 5
1.87
overvoltage during high PV penetration, the VUF level is also reduced.
For all cases, volt/var corrective actions that take place during high PV penetration
to reduce the voltage magnitude directly lowers the VUF level as well. Therefore,
the VUF reduction scheme does not get activated during this period. As an example,
Figure 7.1 shows the voltage level for all three phases at bus LV4 using the traditional
volt/var control method for case 5 while Figure 7.2 shows the same variables using
the proposed modified HVVC. As shown in both Figures 7.1 and 7.2, as the PV
penetration increases, the voltage level for all phases also increases. These voltage
levels subsequently produce level of VUF at bus LV4 as illustrated in Figure 7.3.
During peak PV penetration, the VUF level before the proposed modified HVVC
is applied reaches a maximum of 4%. However, with the proposed modified HVVC,
as the active power penetration from PV systems at phases B and C of the LV
network is curtailed to reduce the voltage level, the VUF level is also inadvertently
lowered.
The effect of the voltage unbalance reduction scheme is more evident around the
220th interval. As shown in Figure 7.3, as the VUF level increases, the voltage
unbalance reduction scheme gets activated. As shown in Figure 7.2, at the 220th
interval, the voltage level on phase A is lower than those at phases B and C, therefore
PV systems at phase A have to operate at a leading power factor. On the other
hand, since the voltage level at phase B is much higher, PV systems connected at this
phase have to curtail their active power injection and operate at a lagging power
factor. Although voltage levels at phases A, B and C are still within acceptable
ranges, due to the high level of VUF, connected PV systems have to operate at a
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Figure 7.1: Three-phase voltage at LV4 using traditional volt/var control method
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Figure 7.2: Three-phase voltage at LV4 using the proposed modified HVVC
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Figure 7.3: VUF at LV4 before and after the proposed modified HVVC is applied
non-unity power factor and/or curtail active power injection to bring the voltage
level closer to 1 p.u.
The case studies show that inherent unbalance in a network can worsen over the
distance, making the LV network in case 5 most susceptible to violating the maximum allowable VUF level. The simulation results demonstrate that the proposed
modified HVVC can not only regulate the voltage level in various, combined MVLV Australian distribution network, but it can also reduce voltage unbalance in the
LV network simultaneously. A more thorough analytical formulation is required to
develop a sophisticated control algorithm for a volt/var control method that can
universally manage voltage level and voltage unbalance level in general distribution
networks.
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7.4

Control Algorithm for the Newly Proposed Volt/Var
Control Method for Voltage Regulation and Voltage
Unbalance Reduction

This section presents the analytical background of a newly proposed volt/var control method for the purpose of simultaneous voltage regulation and voltage unbalance reduction in a combined MV-LV distribution network. The newly proposed
volt/var control method is inspired and derived from previous proposed volt/var
control methods from Chapter 3 until Chapter 6. The newly proposed volt/var
control method consists of a voltage regulation scheme from Chapter 6 and a newly
developed voltage unbalance reduction scheme.

7.4.1 Voltage Unbalance Reduction Scheme
Similar to the proposed modified HVVC in Section 7.3.1, the control algorithm for
this voltage unbalance reduction scheme continuously monitors the VUF level in
the three-phase LV network buses. When the VUF level violates a pre-set limit, the
control algorithm selects which phase voltage is to be corrected to reduce the VUF
level. The phase voltage selection is derived from the definition of PVUR shown in
(7.2). Although (7.2) uses a different definition of voltage unbalance, by reducing
the maximum deviation of phase voltage from the average three-phase voltage, this
will be reflected in the reduction of VUF level.
The phase voltage correction is selected based on the level of VUF violation from
the pre-set limit. Deriving from the proposed modified HVVC from Section 7.3.1,
the phase voltage selection is based on two different cases:
1. When the VUF level is between V U F1 and V U F2 as shown in (7.4), the control
algorithm calculates Vavg using (7.5). Then the control algorithm determines
the maximum phase voltage deviation from Vf using (7.6). The respective
phase voltage must be brought closer to Vf because the voltage on this phase is
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the main cause for the high level of VUF that prompted the voltage unbalance
reduction scheme.
2. When the VUF level is higher than V U F2 as shown in (7.8), the voltage on
all three phases will be brought closer to Vf . This collective operation is to
ensure that the correction action will reduce the VUF level at the monitored
bus.
In contrast to the proposed modified HVVC from Section 7.3.1, the proposed voltage
unbalance reduction scheme aims to increase/decrease the phase voltage level to Vf
instead of Vavg to ensure a smaller voltage variance from Vf . In addition, since PV
systems in this proposed voltage unbalance reduction scheme are not bounded by any
power factor operation limit, higher level of voltage correction can be achieved.
In this proposed voltage unbalance reduction scheme, the devices utilised are singlephase PV systems in the LV network. Single-phase PV systems connected at the
impacted bus will operate to bring the VUF level to an acceptable value. If there are
no PV systems connected at the impacted bus, PV systems located at the shortest
electrical distance from this bus will operate.
The phase voltage correction is calculated using the compensation based method
proposed in Section 6.2.1. This is to avoid excessive compensation and ensure maximum active power penetration from PV systems. The amount of current injection
required by a PV system to correct the phase voltage level is determined using (6.2).
In this case, Vtarget is Vf . Subsequent required PV system injection is determined
using (6.5) and (6.6).
Once the voltage unbalance reduction scheme is activated and new Si,Pnew for associated PV systems are calculated, all associated PV systems will operate at this
new injection until the VUF level is less than pre-set limits. For case 1, the VUF
level must be less than or equal to V U F3 before the voltage unbalance reduction
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scheme is deactivated, as shown in (7.9).

V U F ≤ V U F3

(7.9)

For case 2, the VUF level must be less than or equal to V U F4 before the voltage
unbalance reduction scheme is deactivated, as shown in (7.10).

V U F ≤ V U F4

(7.10)

The purpose of (7.9) and (7.10) is to avoid the ‘hunting’ of PV system operation in
the process of reducing VUF level. This will also directly prevents voltage excursions
due to PV system operation. The VUF limits V U F1 , V U F2 , V U F3 and V U F4 can be
set to values that suit the requirements and peculiarities of DNSPs and distribution
networks.

7.4.2 Final Control Algorithm
The final control algorithm for the newly proposed volt/var control method includes
the previously proposed integrated volt/var control strategy from Section 6.2.2 as the
voltage regulation scheme and the voltage unbalance reduction scheme discussed in
Section 7.4.1. In addition to monitoring the voltage level across the entire controlled
network, the newly proposed volt/var control method monitors the VUF level at
three-phase buses in the LV network. When any monitored variables violate their
respective limits, corresponding control schemes will be activated.
Voltage unbalance level violation typically happens when the three-phase voltage
levels are within allowable bounds, since if the voltage levels violate the minimum
or maximum limits, they will be immediately corrected. Therefore, though this
newly proposed volt/var control method have both voltage regulation and voltage
unbalance reduction schemes, the voltage regulation scheme takes precedence over
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the latter.
In descending importance, the newly proposed volt/var control method aims to
ensure that:
1. The voltage level across the entire network is within allowable limits.
2. The VUF level at three-phase LV buses is less than the maximum allowable
limit.
3. The number of tap change operation by the OLTC is minimised.
4. The active power injection from PV systems is maximised.
5. The number of consecutive device operation is minimised.
Compared to the previous aims from Section 6.2.2, the newly proposed volt/var
control method in this chapter has an additional aim. The newly proposed volt/var
control method will select device action(s) based on the hierarchical priorities. For
example, if a certain PV system injection will cause a voltage level or VUF level
violation, the action will not be carried out, and alternative corrective action(s) will
be determined. The hierarchical priorities of the newly proposed volt/var control
method can be changed to suit a particular distribution network or DNSP.
The newly proposed volt/var control method performs voltage regulation and reduce
voltage unbalance simultaneously using the same volt/var devices available in the
network. For networks that are already equipped with AMIs, the implementation
of the newly proposed volt/var control method does not require any additional
investment. Therefore, the implementation of the newly proposed volt/var control
can not only ensure voltage regulation and voltage unbalance reduction, but is also
financially beneficial as DNSPs can avoid new investments while prolonging the
lifespan of their OLTCs.
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Table 7.3: VUF limits for the newly proposed volt/var control method
Label
V U F1
V U F2
V U F3
V U F4

Value (%)
1.6
1.8
1.4
1.2

7.4.3 Simulation and Results
The newly proposed volt/var control method is applied on three representative networks introduced in Chapter 5. Five different cases are run using the three representative networks. To demonstrate the effectiveness of the newly proposed control
method, results obtained before and after the application are compared. The results
obtained before the application is from the simulation discussed in Section 6.2.3. In
this case, the control method applied in the tested networks is the previously proposed volt/var control strategy from Section 6.2.2. This volt/var control strategy
is efficient in improving the voltage profile across the entire tested MV-LV network
whilst efficiently utilising available volt/var devices, however, it does not consider
voltage unbalance reduction.
The three representative networks are modelled in OpenDSS platform while the
control algorithm is implemented in MATLAB R . The simulation is run over a
24-hour period with varying load and PV penetration shown in Figure 5.6. Other
network conditions such as the initial tap positions at the ZS and DS and distribution
of loads and PV systems are the same as described in Section 6.2.3.
Using the newly proposed volt/var control method, the limits V U F1 , V U F2 , V U F3
and V U F4 are specified as shown in Table 7.3. The VUF limits are set less than the
maximum allowable VUF level of 2% stipulated by Australian standard to ensure
that voltage unbalance violation will not happen in the tested networks. V U F3 and
V U F4 are set to lower values to ensure that the VUF level has been kept under
control before the voltage unbalance reduction scheme is deactivated.
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Table 7.4: Maximum VUF before using the newly proposed volt/var control method
Criteria Maximum VUF
Case 1
0.68
Case 2
0.89
Case 3
1.37
Case 4
1.39
Case 5
2.58
Table 7.4 shows the maximum VUF level in the LV network before the newly proposed volt/var control for voltage regulation and voltage unbalance reduction is
applied on the five different cases. As shown in Table 7.4, voltage unbalance is
not a concern in cases 1 until 4, proving that voltage regulation during high PV
penetration using the previous volt/var control strategy is sufficient in keeping the
voltage unbalance level under control. However, the VUF level for case 5, in which
the LV network is the farthest from the ZS, violates the maximum allowable VUF
level defined in AS 61000.2.2.
Figure 7.4 illustrates the VUF level at LV buses in the LV network before the
implementation of the newly proposed volt/var control method for case 5. As shown
in Figure 7.4, the unbalanced distribution of loads and PV systems in the LV network
causes voltage unbalance level to propagate along the growing distance of the LV
feeder. From Figure 7.4, VUF level violation can be seen happen towards the end
of the LV feeder at the 105th and 221st intervals. Under the previous volt/var
control strategy, the control algorithm aims to ensure that voltage levels across the
network is within limit while maximising PV injection. Since the three-phase voltage
levels at these two aforementioned time interval do not violate the stipulated limits,
maximum active power injection is allowed for all PV systems.
Using the newly proposed volt/var control method, the voltage unbalance reduction
scheme will be activated every time the measured VUF is greater than V U F1 or
V U F2 . Figure 7.5 shows the VUF level in the LV network using the newly proposed
volt/var control method. As seen in Figure 7.5, the VUF level at the end of the LV
feeder raises with increasing PV penetration, and eventually at the 85th interval,
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Figure 7.4: VUF in the LV network before using the newly proposed volt/var control
method
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the VUF level becomes greater than V U F1 . Since there are no PV systems directly
connected to the three-phase LV bus, the PV system connected through the service
main to bus LV4 will operate to reduce the VUF level. In this instance, the PV
system at phase B must operate (active power curtailment and lagging power factor
operation) to reduce the voltage level and subsequently, the VUF level. As the
VUF level increases, the PV system at phase B which is connected to bus LV3 also
operates at the 91st interval. When the VUF level starts to become higher than
V U F2 at the 91st interval, PV systems on all phases operate to bring the voltage
level closer to Vf . This time, the PV systems on phases B and C curtail their active
power injection while operating at a lagging power factor while PV systems on phase
A operate at a leading power factor.
When the PV penetration starts causing voltage rise, the voltage regulation scheme
of the proposed volt/var control method takes over, causing PV systems on phases
B and C to operate at capped active power injections. This subsequently lowers
the VUF level and at the 126th interval, the voltage unbalance reduction is deactivated.
As shown in Figure 5.6, starting around the 200th interval, the PV system generation
decreases while the load demand increases. The reduced PV generation brings the
three-phase voltage level to a ‘healthy’ zone, rendering voltage regulation scheme of
the proposed volt/var control method inactive. However, the VUF level in the LV
network starts to increase again as shown in Figure 7.5 and ultimately at the 215th
interval, the voltage unbalance reduction scheme is activated. This time, since the
VUF level is greater than V U F2 , PV systems installed at all three phases operate
to reduce the VUF level. When the VUF level is under control again at the 226th
interval, the voltage unbalance reduction scheme is deactivated.
To show the operation of the voltage unbalance reduction scheme, Figure 7.6 shows
the three-phase voltage at bus LV4, which experienced the worst voltage unbalance,
before and after the implementation of the newly proposed volt/var control method.
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Figure 7.5: VUF in the LV network after using the newly proposed volt/var control
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Figure 7.6: Three-phase voltage at bus LV4 before and after the newly proposed
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Table 7.5: Maximum after before using the newly proposed volt/var control method
Criteria Maximum VUF
Case 1
0.68
Case 2
0.89
Case 3
1.37
Case 4
1.39
Case 5
1.96
From Figure 7.6, the change in voltage magnitudes on phases A and C is not significant, however, slight decrease of voltage magnitude on phase B is evident. As
shown in Figure 7.6, the implementation of the newly proposed volt/var control
method causes a slight decrease in voltage magnitude on phase B at the 85th and
216th intervals, subsequently reducing the VUF level below the maximum allowable
limit.
Table 7.5 shows the maximum VUF level in the LV network after the implementation
of the newly proposed volt/var control method for all five cases. Since the maximum
recorded VUF levels for cases 1 to 4 are well below pre-set V U F1 and V U F2 , the
voltage unbalance reduction scheme is not activated during these four cases. The
maximum VUF level for case 5 is reduced to 1.96% using the newly proposed volt/var
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control, which shows a significant improvement.
For cases 1 to 4, since the voltage unbalance reduction scheme does not get activated
during the simulation, there is no difference in the recorded voltage profile, number
of tap change operations at the ZS and maximum PV penetration compared to using
the previous volt/var control method from Section 6.2.2. The results obtained from
the implementation of the newly proposed volt/var control method for case 5 show
that voltage regulation of the combined MV-LV network is not adversely affected by
the voltage unbalance reduction scheme. In contrast, the newly proposed volt/var
control method is successful in simultaneously maintaining voltage and VUF levels
within respective limits. While PV systems on phases B and C have to curtail their
active power injection to reduce the VUF level, PV systems on phase A still inject
their full generation, making the maximum recorded PV penetration the same as
using the previous control strategy. Other than additional PV system operations
for voltage unbalance reduction, there is no difference in volt/var control devices
operation when compared to using the previous volt/var control strategy.
In conclusion, the newly proposed volt/var control method demonstrates the veracity in carrying out voltage regulation and voltage unbalance reduction in a combined
MV-LV distribution network at the same time. The newly proposed volt/var control
method efficiently utilises volt/var resources available in the network to ensure minimum number of tap change operations at the ZS and maximum PV penetration.
As this newly proposed volt/var control methods foregoes complicated optimisation
strategies, it can be tailored to suit different networks and DNSPs with minimal efforts. This pragmatic approach makes the newly proposed volt/var control method
universal and versatile.

7.5

Chapter Summary

This chapter discusses the nature of voltage unbalance and its limitation in Australian distribution networks. Case studies are carried out to demonstrate the effi-
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cacy of the proposed modified HVVC method in regulating the voltage level across
a combined MV-LV distribution network while maintaining the voltage unbalance
level below the maximum allowable limit. Subsequently, the analytical formulation for a newly proposed volt/var control method which takes into consideration
both voltage and voltage unbalance levels in distribution networks is developed. The
newly proposed volt/var control method consists of a voltage regulation scheme presented in Chapter 6 and a newly introduced voltage unbalance reduction scheme.
Simulation results obtained show that the newly proposed volt/var control method
can effectively manage both voltage and voltage unbalance levels whilst reducing
the number of tap change operations and maximising PV penetration.
The addition of voltage unbalance reduction scheme however causes PV systems connected further from the ZS to operate differently (active power curtailment and/or
leading/lagging power factor operating) from those connected upstream in order
to reduce the VUF level at neighbouring three-phase buses. From a PV owner’s
perspective, this might not be appealing as active power curtailment equates to a
reduced revenue whereas leading/lagging power factor operation does not bring any
revenues. A strategic market structure is necessary in order to attract the interests
of all stakeholders in distribution networks.

Chapter 8
Market Structure for Enabling
Integrated Volt/Var Control in
Active Distribution Networks

8.1

Introduction

The electricity distribution networks in Australia have been previously designed
to cater for unidirectional power flow; from the ZS to the consumers. DNSPs are
responsible in providing and maintaining the quality of electricity supply while consumers pay for the commodity based on the amount they consume. With the introduction of small-scale DG such as PV systems in LV networks, customers now have
the chance to generate revenues by injecting active power to the distribution grids.
This among many other reasons has encouraged the proliferation of PV systems in
distribution networks, which invites new challenges related to the management of
voltages in distribution networks. These challenges prompted emerging technologies for voltage management using state-of-the-art devices such as DSTATCOMs,
OLTC for distribution transformers and PV systems. Similarly, innovative mitigation strategies and control methods for voltage management have been proposed.
145
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The usage of PV inverters for reactive power compensation to provide voltage support to distribution networks has been proposed in countless publications. PV
inverters are versatile and capable of operating under different network conditions
within the reactive power envelope. Since PV systems are located closer to customers, smaller power losses will happen, ensuring a more efficient power delivery.
Similar to the paradigm shift of voltage regulation methods, the current market
structure should also be updated to suit the growth of DG. This is important to
attract customer participation in volt/var control strategies that utilise small-scale
DG. This chapter proposes a new market structure to enable an efficient implementation of integrated volt/var control in ADNs.

8.2

Current Market Structure

There are three different participants directly involved in the electricity market at
distribution level in Australia, which are DNSPs, retailers and consumers. DNSPs
provide electricity and ensure that the quality of electricity supplied comply with
established standards. Licensed energy retailers deal with DNSPs and sell the electricity to local consumers. Customers pay for electricity service and usage charges
based on the price set by the retailers. This is because the energy market in Australia does not have a regulated tariff and electricity consumers have the option
to switch between different retailers, creating a competitive business environment.
While electricity consumers used to be the buyer of the end product, the introduction of small-scale DG units, especially PV systems, has created an opportunity for
consumers to sell electricity back to the grid. In Australia, Small-scale Renewable
Energy Scheme (SRES) is in place to incentivise installation of small-scale renewable
resources [103].
Active power generated by PV systems are mostly used to support the local load
when they are generating active power. However, when active power generation
exceeds the local load, the PV systems can export this excess generation to the
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grid, for which PV owners will receive a payment for. The feed-in tariff is based
on the amount energy (kWh) exported back to the grid. Similar to the retail price
of electricity, the market price for active power injection from small-scale DG units
varies between states, DNSPs and energy retailers. Currently, the feed-in tariff
ranges between 6 cents to 23 cents per kWh among different retailers across Australia
[104]. The firstly introduced feed-in tariff used to be higher to generate customers’
interests in small-scale DG unit. However as the number of DG installation grew
and DG gained momentum in the country, government incentives associated with
small-scale DG units started declining.
In comparison to active power, reactive power export or import in distribution
networks has never been priced in Australia. The only available option for reactive
power business in Australia exists at the transmission level, where reactive power for
voltage support is considered as one of the ancillary services. These services are paid
through a mixture of different payments including enabling, availability, testing and
usage payments [105]. This shows that reactive power support as an ancillary service,
which is already established at the transmission level, can be possibly extended to
the distribution level.
The change of electricity distribution paradigm from unidirectional to bi/multidirectional power flows had caused inefficiencies in conventional voltage regulation
and control strategies designed to suit the traditional flow of electricity. As a result,
these control strategies need to be revolutionised to suit current and future distribution network structures. Nevertheless, without an operational market structure
in distribution networks, specifically one that considers reactive power support, the
implementation of these new control strategies might not be realistic.

8.3

Proposed Market Structure

As demonstrated in Chapters 2 to 7, reactive power management is directly related
to power quality, especially in terms of steady-state voltage variations and network-
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wide voltage unbalance. Customer loads and distribution lines draw reactive power
and without necessary provisions, the power factor in a network would fall to a
substandard level. Also reactive elements in the network may lead to an increase in
current drawn, voltage drops and losses. However, with an effective volt/var control
method in place, such as the one proposed in Chapter 7, voltage level in a distribution
network can be regulated within the stipulated limits and voltage unbalance level
can be reduced, providing a safe steady-state voltage supply to customers.
AS 4777.2 states that the volt/var droop control of PV inverters should be disabled
by default. Even if an inverter has the capability to operate in a volt/var control
mode, it is not expected to do so. This directly encourages PV owners to operate
PV inverters in unity power factor mode instead of exploring the full capability
of the inverters. Although an inverter is a versatile device that can inject or draw
active and reactive power, existing PV inverters, typically in Australian distribution
networks, are confined to a narrow band of operation, leaving aside a significant band
of untapped potential.
By operating in a volt/var control mode, a PV inverter might need to curtail active
power injection to relieve the inverter capacity for reactive power support. Nevertheless, the absence of incentives for reactive power support or non-unity power factor
operation of inverters further influences PV owners to fully export active power
generation at unity power factor, even if it might be detrimental to the quality of
voltage in the network.
This chapter proposes a market structure that accounts for non-unity power factor
operation of PV systems to accomplish an efficient volt/var control in distribution
networks. The proposed market structure encourages a win-win solution, where reactive power is priced based on the ‘lost opportunity’ from active power curtailment.
The ‘lost opportunity’ is defined as the amount of active power curtailed in order
to relieve the inverter capacity for reactive power import.
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Using the proposed market structure, when a PV inverter has to curtail active power
to operate at a lagging power factor, the amount of active power curtailed will be
compensated. Reactive power is not priced based on the magnitude, but rather the
amount of active power curtailed to relieve the inverter capacity for supplying the
requisite reactive power. For example, if a PV inverter is rated at 5 kVA, the PV
owner will be paid for 5 kWh of energy when injecting full active power. However, if
the PV inverter needs to operate at a 0.95 lagging power factor, it will have to curtail
0.25 kW in order to draw 1.56 kvar of reactive power during an hour. Accordingly,
the proposed ‘lost opportunity’ market structure will compensate for the curtailed
0.25 kW, and provide the necessary network support.
DNSPs have an obligation to maintain power factor for a distribution network under varying network conditions, and failure to do so might results in a penalty.
From DNSPs’ perspectives, reactive power is provided from the get-go by investing
in assets such as capacitor banks and DSTATCOMs to compensate for inductive
components in the network including customer loads. Introducing a price on reactive power might seem to be unfair as DNSPs were previously unpaid for reactive
power provisions. However, the investments and costs associated with reactive power
management may eventually be reflected on customer bills, for example as service
charges [106]. The more voltage issues exist in a network, especially due to changing
network conditions, the more expenditures are required to be borne by both DNSPs
and customers.
By pricing reactive power based on ‘lost opportunity’, DNSPs technically will not
suffer a financial loss as customers need to be paid based on full active power injection in any case. The only difference is that the voltage level will worsen with full
active power injection by the PV systems, in which case DNSPs will be responsible
for necessary correction and associated costs. Without utilising customer owned PV
systems for voltage regulation, DNSPs will have to invest in new voltage management strategies (such as installing new volt/var control devices and infrastructure
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for network restructuring) to cater for growing penetration of PV systems. The
provisions of reactive power from customer owned PV systems for volt/var control
will ultimately aid in deferment of network investments by DNSPs. In addition, the
‘lost opportunity’ market structure guarantees that DNSPs do not have to pay extra
to customers who participate in network-wide volt/var control strategies.
The proposed ‘lost opportunity’ market structure also aims to address a fairness issue
related to varying electrical closeness of the PV systems from the ZS and subsequent
PV injections. Customers who are located at a higher electrical distance from the
ZS are more vulnerable to voltage issues such as voltage rise and voltage unbalance
due to localised current injections and characteristics of the network. Therefore, PV
systems at farthest location might not be able to inject as much active power as the
other systems upstream during high level of PV penetration.
On the the other hand, customers who are located closer to the ZS does not experience much voltage drop in comparison to customers who are located farther.
Therefore, they do not have the chance to inject reactive power for voltage support.
The ‘lost opportunity’ market structure also addresses these issues by not pricing
reactive power in the same manner as energy, which will bring some complexities
such as leading power factor operation when PV systems are not generating active
power. In short, the proposed ‘lost opportunity’ market structure caters to both
DNSPs and customers situated at various locations in a distribution network.

8.3.1 Proposed Market Structure during Varying Voltage Conditions
The proposed market structure is suitable under different voltage conditions and
PV injections. This section discusses the ‘lost opportunity’ market structure when
a volt/var control method is implemented on a 5 kVA PV system during normal,
overvoltage and undervoltage conditions. Figure 8.1 shows the representative active
power injection by a PV system regardless of the voltage measured at the PCC.
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Figure 8.1: Representative active power injection
1. Normal voltage
When the voltage level measured at the PCC for the PV system is within
the stipulated range, the volt/var control will not be activated. In this case,
the revenue earned by the PV owner before and after the volt/var control is
implemented will be the same.
2. Overvoltage
Figure 8.2 shows the active and reactive power injections for a day by the PV
system during an overvoltage condition. In Figure 8.2, the negative value of
reactive power injection corresponds to a lagging power factor operation by
the PV system. Due to the 0.95 lagging power factor operation, the 0.25 kW of
active power export by the PV system has to be curtailed within 3 hours. Using
the proposed ‘lost opportunity’ market structure, the active power curtailment
for reactive power support will be compensated for, therefore, the total revenue
earned by the PV system is the same as that of unity power factor operation.
3. Undervoltage
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Figure 8.2: Representative active and reactive power injections in overvoltage situation
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Figure 8.3: Representative active and reactive power injections in undervoltage situation
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During an undervoltage situation, if reactive power is needed to compensate
for lagging load and/or reactive elements in the network, some active power
might be curtailed in order for the PV system to operate at a leading power
factor. Figure 8.3 shows the active and reactive power injections by the PV
system for a day during an undervoltage situation, when the PV system is
operating at 0.95 leading power factor. Though this is a rare case, this might
also be applicable to networks where power factor is low. In this case, the
curtailed 0.25 kW per hour for reactive power support will be compensated
as a ‘lost opportunity’. Thus, the total revenue earned by this PV system is
unaltered.
The ‘lost opportunity’ market structure guarantees a fair incentive to PV owners
who operate their inverters in volt/var control mode. Using the proposed market
structure, PV owners do not lose revenue for active power curtailment while DNSPs
do not have to pay extra for reactive power import/export by PV systems.

8.4

Case Study for the Proposed Market Structure

In this section, the amount of revenues earned by a PV owner using the current
market structure before and after a volt/var control method is implemented are
compared. Then, the proposed ‘lost opportunity’ market structure is applied when
the PV system is operating under the same volt/var control method. The results
obtained are compared to demonstrate the benefits of the proposed market structure
in a distribution network.
For this case study, the test network is Network 3, specifically case 5 introduced in
Chapter 5 (Section 5.4). The volt/var control implemented on the tested network is
the newly proposed volt/var control method presented in Chapter 7 (Section 7.4).
The amount of PV injection in the LV network before and after the newly proposed
volt/var control method is applied on the network is studied. As shown in earlier
simulations from Sections 5.4.2.2 and 7.4.3, the PV injection results in an overvoltage
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Figure 8.4: Active power injection for half an hour period
situation in the LV network. To demonstrate different levels of PV injections at
different buses, the active and reactive power import/export by PV systems on
phase B at buses LV1 and LV4 will be compared.
The feed-in tariff for this case study is assumed to be 10 cents per kWh. The
revenue is calculated at every half an hour using the average injection at 5 minute
time windows [107]. The 5 minute time windows contain the average PV injection
over the simulation time. For example, as shown in Figure 8.4, the simulations are
run at every 15 seconds. The average active power injection for every 5 minutes of
the simulation time is sampled, and then the average injection for a half an hour
period is calculated. From Figure 8.4, the average injection for the half an hour
time frame is 1.086 kW. Thus, the revenue earned during this time frame will be $
0.05.
Figure 8.5 shows the active and reactive power injections at bus LV1 before and after
the proposed volt/var control method is implemented for a sample day. Without
the proposed volt/var control, the PV system is able to inject active power based
on the volt/watt droop curve shown in Figure 3.16. This is the default volt/watt
function suggested in AS 4777.2. In this case, the PV system attempts to inject the
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Figure 8.5: Active and reactive power injections at bus LV1
full active power generation, and will be disconnected when the voltage level at its
PCC violates the maximum limit of 1.1 p.u. After 1 minute, the PV system will be
reconnected, and this cycle continues. Due to frequent tripping of the PV system,
before the volt/var control method is implemented, the total energy exported by
the PV system is 128.98 kWh. Accordingly, the subsequent total revenue generated
using the feed-in tariff is $ 12.90. After the newly proposed volt/var control method
is applied, the amount of active power injection is capped at 12 kW during the
time intervals when excess generation is available as shown in Figure 8.5. The total
energy exported by the PV system is 143.81 kWh with additional reactive power
import. Using the same feed-in tariff, the total revenue generated by the PV system
due to active power injection is $ 14.38.
Figure 8.6 shows the active and reactive power import/export by the PV system on
phase B at bus LV4. Similar to the PV system at bus LV1, this PV system disconnected when the voltage measured at the PCC violates the established maximum
limit. After 1 minute period, the PV system attempts to reconnect and this cycle
continues. Since the PV system is farther from the ZS, the voltage rise experienced
at bus LV4 is worse than that at bus LV1. Therefore, the total energy exported
by the PV system is 123.16 kWh, generating $ 12.32 revenue. After the proposed

156
35

0.5
0

30
-0.5
-1

20

-1.5

P before
P after
Q before
Q after

15

-2
-2.5
-3

10

Reactive Power (kvar)

Active power (kW)

25

-3.5
5
-4
0
0

50

100

150

200

250

-4.5
300

Time (Intervals of 5 min)

Figure 8.6: Active and reactive power injections at bus LV4
volt/var control method is applied, the total energy injected by this PV system
increases to 134.17 kWh. This results in a total revenue of $ 13.41.
Using the proposed ‘lost opportunity’ market structure, the amount of active power
curtailed for providing reactive power will be compensated. Therefore, for the PV
system at bus LV1 shown in Figure 8.5, an additional $ 0.37 is earned for the
sample day due to ‘lost opportunity’ after volt/var control is implemented. For the
PV system at bus LV4 shown in Figure 8.6, the ‘lost opportunity’ market structure
provides an additional $ 0.85.
In general, the implementation of the proposed volt/var control assists in allowing
PV systems to inject more active power. This is since the volt/var control prevents
tripping of PV systems during overvoltage conditions. With the proposed market
structure in place, PV owners are not only encouraged to participate in volt/var
control implementation, but also generate more revenues due to compensation for
‘lost opportunities’.
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8.5

Chapter Summary

This chapter presents a new market structure to consider reactive power support in
distribution networks by means of ‘lost opportunities’. Instead of pricing reactive
power by its magnitude in the same manner of pricing energy, the ‘lost opportunity’
market structure compensates for active power curtailment when it is performed for
reactive power import/export. The proposed market structure encourages active
participation of PV owners in volt/var control strategies as it promises a regulated
and safe level of voltage at the same, if not higher, amount of revenues. In the long
run, DNSPs can defer their network investment for voltage regulating devices such
as capacitor banks and DSTATCOMs when PV systems are utilised to provide an
ancillary support for voltage regulation. Maintenance of assets utilised for voltage
regulation such as OLTC and capacitor banks can also be lowered as the frequent
equipment use will be limited. Future work can include a more comprehensive
pricing scheme for incentivising reactive power support in ADNs. This would address
the necessity for reactive power support when PV systems are not generating active
power. For example, the costs for utilising PV systems for local reactive power
support versus investment and maintenance costs for network-wide devices such
as capacitor banks needs to be taken into account while conducting cost-benefit
analyses instrumental in devising a volt/var-friendly market structure.

Chapter 9
Conclusions and
Recommendations for Future
Work

The main thrust of this Thesis is to understand voltage issues related to steadystate voltage supply in changing distribution networks, then formulate and develop
a generalised control method for these voltage issues. Existing challenges related
to voltage regulation in distribution networks have become more complicated with
the inrush of PV penetration, particularly in LV networks. Due to this, managing
voltages in MV networks only is no longer feasible whereas segregating MV and LV
networks while applying voltage regulation strategies might cloud the impacts that
one network has on the other. Hence, this Thesis approaches voltage regulation in
MV and LV distribution networks as an unabridged research problem, proffering
solutions applicable across the entire distribution network.
The major contributions of this Thesis are:
• A thorough literature review that discusses voltage regulation issues and methods in distribution networks, and the impact of increasing PV penetration on
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these issues and associated control methods. The method of controlling voltage using both voltage and var becomes the centre of discussion, and existing
as well as futuristic methods in literature are presented. Other aspects related
to the quality of steady-state voltage supply are reviewed. Finally, the lack of
an attractive market structure for enabling volt/var control implementation
in distribution networks is discussed.
• Case studies using different volt/var control methods that effectively utilise
passive volt/var devices in distribution networks. The effectiveness of the proposed volt/var control method in regulating voltage is validated. The proposed
volt/var control method proffers a practical option for DNSPs to manage voltage levels in distribution networsk without actively utilising new technologies
thereby avoiding any additional investments. The limitations of traditional
and existing volt/var control methods and devices are also demonstrated to
highlight the necessity and benefits of actively utilising available technologies
for implementing volt/var control strategies in ADNs.
• An analytical formulation that presents voltage regulation in MV and LV distribution networks as a whole, combined problem. This formulation provides
the crux for understanding effects of voltage issues and control actions at a
particular place in a distribution network on other parts of the network. The
analytical formulation is thus used to develop a generalised volt/var control
method, which is applicable to combined MV-LV distribution networks.
• A classification of distribution networks in Australia mainly from the perspective of voltage regulation. As distribution networks in Australia have varying
nature and peculiarities, the associated voltage issues are different, hence requiring diverse voltage management approaches. A realistic representative
network for each distribution network class is presented. Simulation studies
conducted demonstrate different voltage issues and allowable PV penetration
for each representative network. The volt/var control method proposed earlier
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is applied to verify effective ways of regulating voltages for various types of
distribution networks.
• A generalised volt/var control using a compensation-based method for voltage
regulation. The necessary current injection by a volt/var device to correct the
voltage level in a network is calculated and subsequent control device action
is selected based on hierarchical priorities. The proposed compensation-based
volt/var control method offers a practical solution to voltage regulation in
a combined MV-LV network while avoiding redundant control actions and
excessive tap changing operations. PV penetration can be maximised as the
inverters are operated at a non-unity power factor outside the limitations set
in AS 4777.2.
• A comprehensive volt/var control method that addresses major steady-state
voltage issues including variations of voltage magnitude in MV-LV networks
and voltage unbalance in LV networks. While the steady-state voltage level
in a distribution network is within limit, other quality aspects such as voltage
unbalance may be violated. The proposed volt/var control method regulates
both voltage and VUF levels simultaneously by effectively utilising available
volt/var devices to the network advantage.
• An attractive market structure that benefits every stakeholder involved in facilitating effective volt/var control strategies in distribution networks. A reactive
power pricing scheme based on ‘lost opportunity’ for PV systems is proposed,
in which reactive power is priced based on the amount of active power curtailed to relieve the required inverter capacity for reactive power support. The
proposed ‘lost opportunity’ market structure promises monetary revenues to
PV owners in spite of the active power curtailment while guaranteeing no
additional financial losses for DNSPs.
In general, this Thesis proposes different options for volt/var control methods that
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can not only regulate the voltage level across a combined MV-LV distribution network, but also minimise the number of tap change operations performed by the
OLTC at the ZS. This Thesis also proposes a unique volt/var control scheme that
helps to maintain the level of voltage unbalance in LV networks below the maximum
allowable limit. The proposed volt/var control methods are practical and requires
data already available with DNSPs. Also, the proposed methods can be modified
easily to suit different types of networks and DNSPs. In addition, a market structure that encourages the implementation of proposed volt/var control methods in
distribution networks is recommended to capture mutual interests from both DNSPs
and customers.
This Thesis strictly focused on the utilisation of volt/var control for voltage regulation and voltage unbalance reduction. The use of real-time SCADA and volt/var
control devices have been proven to be effective for voltage support in this Thesis.
Future work of this Thesis can be directed towards the use of distribution management system with volt/var control devices to improve the overall grid performance
which covers voltage support, energy saving, loss minimisation, network power factor and etc. As more factors are taken into consideration, the volt/var control would
require more complex decision-making algorithms, which are typically incorporated
in volt/var optimisation methods.
As distribution networks continues to evolve with the inclusion of modern devices,
more challenges will continue to arise. Inverter-based devices such as energy storage systems and electric vehicles are starting to gain traction all around the world,
following the trend towards ‘greener’ technologies. Similar to customer loads and
PV systems, these devices rely heavily on geographical conditions and customer
behaviour, hence can be unpredictable and stochastic at times. Nonetheless, being inverter-interfaced devices, the flexibility of active and reactive power import
and export do exist. Future work can explore challenges posed by the infiltration
of these devices in distribution networks and suggest ways to effectively manage
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them. Also, new volt/var control strategies considering dynamically varying spatial
network conditions can be proposed.
The control strategies proposed in this Thesis have only addressed steady-state voltage issues. While considering dynamic impacts of future technologies on distribution
networks, power quality disturbances such as harmonics and voltage fluctuations
need to be addressed. By expanding the work proposed in this Thesis using modern
power electronics interfaced devices, both steady-state and dynamic voltage issues
in distribution networks can be managed simultaneously. To negate the negative
impacts that modern devices are causing to distribution networks, more state-of-theart devices and control strategies need to be implemented on distribution networks,
specifically LV networks.
While literature can propose countless number of practical and futuristic volt/var
control strategies to manage the steady-state voltage levels in distribution networks,
the absence of a suitable market structure might hinder their implementation regardless of how effective they can be. Active and reactive power exchange in distribution
networks is made more complex with the emergence of modern inverter-interfaced
devices, indicating the need for an improvement to existing market structure. A
breakdown of costs for effective reactive power pricing schemes accounting for the
savings by DNSPs due to the utilisation of customer-owned devices should be considered in the new market structure.
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